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ABSTRACT 
Airport operations are heavily and repeatedly impacted by snow and ice during winter 
seasons. Considering the potential economic losses resulting from ice/snow-related flight delays 
and airport shutdowns, there is a significant need to maintain the runways and taxiways free of 
snow and ice at all times. Traditional snow removal systems that employ de-icers and anti-icers 
have the potential to generate Foreign Object Debris (FOD) and could cause damage to aircraft 
parts and the pavements. In addition, traditional snow plows and equipment have difficulty 
accessing critical airside operations areas such as the apron/gate areas. An emerging technology, 
referred to as the heated pavement systems (HPS) are promising alternatives to traditional snow 
removal systems. Although heated pavement systems have been used widely in European countries 
for airport snow removal, there are no practical applications in US, and their environmental 
impacts were unknown. The purpose of this research is to evaluate and quantify greenhouse gas 
(GHG) emissions and energy consumptions of heated pavement systems applied in airfield in order 
to give decision makers a more informed view in snow removal application selections. As the very 
first research on environmental impacts of heated pavement systems in removing snow, this 
research includes three individual studies. Each one builds on the understanding of previous one. 
The first study uses life cycle assessment (LCA) to compare geothermal heated pavement 
system (GHPS) and traditional snow removal system applied in airport runway by evaluating their 
energy consumptions and GHG emissions. This study analyzes construction and operation phases 
of both snow removal systems. According to the limited data from previous studies, results show 
no significant differences between the construction phases of two snow removal systems. Also, 
airports show more interests in applying this new technology in airport apron area instead. 
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The second study is focused on energy consumption, GHG emission, and costs of operating 
geothermal heated pavement system, hydronic heated pavement system using electrical water 
heater, and hydronic heated pavement system using natural gas boiler, in removing snow from 
apron area. Different coefficients of performances of geothermal heated pavement system 
operations are analyzed in order to evaluate the behaviors of the systems. The results show 
geothermal heated pavement system has the least environmental impacts, and when efficiency of 
natural gas boiler energy extraction is improved, it can be a better alternative for place where there 
is not enough geothermal energy from the environmental and economic perspectives. 
Based on the knowledge gained from previous two studies, the third study utilizes hybrid 
LCA to analyze energy consumptions and GHG emissions from apron snow removal operations. 
It evaluates the operations of four types of snow removal systems, hydronic heated pavement 
system using geothermal heat pump (HHPS-G), hydronic heated pavement system using natural 
gas furnace (HHPS-NG), electrically heated pavement system (EHPS), and traditional snow 
removal system (TSRS) applied in airport apron area. The life cycle analysis in this study is 
relatively more comprehensive than the previous two studies, it gives decision maker or airport 
manager a more informed view of operating heated pavement systems in removing snow from 
energy saving and global warming potential aspects. 
This overall research shows heated pavement systems have potential to substitute for 
traditional snow removal system in decreasing energy demand and GHG emissions during apron 
snow removal operations. Because the theoretical models used to calculate energy consumption 
and GHG emissions from different types of snow removal systems are still under development, 
the results reported from this research should be taken into account from a qualitative view, and 
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more comprehensive assessments which include broader system boundary are required for future 
study.   
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CHAPTER 1. GENERAL INTRODUCTION 
Background and Motivation 
The commercial airports in the U.S. play an important role in encouraging economic 
growth by providing a worldwide transportation network to enable efficient movement of people 
and goods (CDM Smith 2014). As stated in the report “The Economic Impact of Commercial 
Airports in 2013”, 485 commercial airports in the U.S. support 9.6 million jobs and produce an 
annual output of $1.1 trillion (CDM Smith 2014). Commercial airports also provide significant 
contributions to local economies. According to the Norfolk International Airport 2014 Economic 
Impact Study, airports produced an additional impact of $68 million and 2,134 jobs in addition to 
the airport service itself to the local wealth of Virginia (Norfolk Airport Authority 2007). It is 
therefore obviously important for commercial airports to maintain continuous operation, but this 
may become a challenge for airport operation during winter because presence of contaminants like 
snow, ice, or slush on airfield pavements (runways, taxiways, etc.), might lead to serious situations 
resulting in airline delay and other adverse incidents. Snow removal is therefore a top priority for 
airports (FAA 2012). 
 
Snow removal systems 
To maintain airport continuous operation during snowy days, airports generally use 
mechanical snow removal equipment (snow plows, snow blowers and chemical sprayers) to 
remove contaminants from transportation surfaces and also use chemical reagents such as 
potassium acetate, sodium acetate, and propylene glycol to prevent the reformation of snow, ice, 
or slush on airport surfaces (Amsler 2014). However, such snow removal equipment is usually 
designed for large areas like runways, sometimes making the equipment difficult to operate in a 
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narrow space like an airport apron. Chemical de-icers are not only expensive but also might lead 
to potential environmental pollution problems. Many techniques such as heated pavement systems, 
super-hydrophobic coating, and phase change materials have been considered for application in 
removing snow from airport apron rather than using mechanic equipment or chemical reagents. 
Even though super-hydrophobic coating and phase change materials are still under development 
at a pilot scale, their longevities are not yet well understood. Because heated pavement systems, 
also known as snowmelt systems, are commonly used in areas like driveways, walkways, and 
parking areas (Subsequent Distribution Office 2001), this study focuses on heated pavement 
system operation. 
Heated pavement systems fall into two broad types based on different heat sources: electric 
radiant heat or hydronic heat from a fossil-fuel boiler/heater combustion or geothermal source 
(Roth 2008). Because this is a relative new technology used in airport snow removal applications, 
even though there have been many studies focusing on the design and mechanical or thermal 
behavior of different types of heated pavement systems, very few have analyzed the environmental 
impact of such systems.    
 
State-of-the-art practices in airport sustainability 
Based on the environmental programs of the Federal Aviation Administration (FAA), 
examination of sustainability is a core rather than a secondary objective to be considered in an 
airport planning process (FAA 2015). One program called “Airport Sustainability Planning” has 
provided help and support to 44 airports and provided comprehensive sustainable initiation of 
reduction in environmental impact, assistance to airport companies in maintaining high and stable 
economic growth, and ensuring that local community needs and values can be achieved (FAA 
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2015). To be more specific, this program provides benefits to help airports reduce energy 
consumption, reduce noise impact, reduce hazardous and solid waste generation, reduce 
greenhouse gas emissions, improve water quality, and increase cost savings (FAA 2010).  
Airport Sustainability Planning includes five sections: plan preparation, sustainability 
categories, baseline assessments, sustainability goals and objectives, and outreach and stakeholder 
engagement. It encourages decision-makers and participants in airport activity to coordinate with 
airport management and staff by involvement and support of sustainability plans. It also 
encourages airport to increase engagement in sustainable design during new project planning. An 
airport can be assisted in maintaining a proper focus on sustainability by following the program 
guidelines. Even though they might be unable to provide the most sustainable solution, 
sustainability plans will give airports a more informed view with respect to decision-making (FAA 
2012). An airport’s sustainability categories are limited not only to environmental impact issues, 
but may also include inventories like socioeconomics, airport facilities and procedures,  land use, 
etc. (FAA 2010). 
 
Research Objectives and Approach 
Airports, as facilities that must increasingly pay attention to environmental impact and 
sustainability of their product or system as environmental awareness increases, have tried different 
approaches to evaluate and decrease their environmental impact. One approach, called life cycle 
assessment (LCA), has been commonly used by industries or businesses to evaluate behavior or 
environmental impact of their own products or systems (Malmqvist et al., 2011). This study is 
intended to develop a sustainability assessment framework using life cycle assessment (LCA) and 
focused on operation of airfield heated pavements. LCA has been utilized to estimate the 
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environmental impact of heated pavement systems compared to traditional snow-removal systems 
(TSRS) for removing snow from airport apron areas under different snow-rate conditions. This 
research focuses on different types of heated pavement systems.    
• Hydronic heated pavement system using geothermal heat pump or called geothermal 
heated pavement system (HHPS-G or GHPS) 
• Hydronic heated pavement system using natural gas boiler or furnace (HHPS-NG), or 
hydronic heated pavement system using electric water heater (HHPS-E) 
• Electrically heated pavement system (EHPS) 
The research considers the currently hot topics of energy crisis, global warming, and 
climate change, and evaluates energy consumption and greenhouse gas (GHG) emissions produced 
by snow removal systems as significant indicators of sustainability. The study is intended to 
provide airport decision makers or heated pavement system operators with a better understanding 
of the global-warming potential of different heated pavement systems to help them choose more 
sustainable snow removal strategies. 
 
Thesis Organization 
This thesis is divided into six chapters. Chapter 1 provides an introduction and background 
information to this thesis and Chapter 2 provides overall review of life cycle assessment (LCA) 
focusing on snow and ice removal practices on transportation infrastructure system. The main 
findings and results are presented in Chapters 3, 4 and 5. Each chapter comprises a paper that has 
been either published or ready for submission to peer reviewed journals and conference 
proceedings. The papers are ordered in the thesis as follows: 
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• Chapter 3: Weibin Shen, Kasthurirangan Gopalakrishnan, Sunghwan Kim, and Halil 
Ceylan. Assessment of Greenhouse Gas Emissions from Geothermal Heated Airport 
Pavement System. Accepted for publication in International Journal of Pavement Research 
and Technology (IJPRT).  Chapter 3 presents environmental impacts from the construction 
phrase and operation phrase of geothermal heated pavement system and traditional snow 
removal system applied in airport runway. 
• Chapter 4: Weibin Shen, Kasthurirangan Gopalakrishnan, Sunghwan Kim, and Halil 
Ceylan. Airport Apron Heated Pavement System Operation Analysis: Energy Requirement, 
Greenhouse Gas Emissions, and Operating Cost Analysis. A paper to be submitted for 
presentation and publication in ASCE Conference of Geo-Chicago 2016: Sustainability, 
Energy, and Environmental impacts. Chapter 4 demonstrates and compares operations of 
three different kinds of hydronic heated pavement systems used in an airport apron for 
different snow rate conditions. Energy consumptions, GHG emissions, and operation costs 
are the life cycle inventories analyzed in this study. 
• Chapter 5: Weibin Shen, Halil Ceylan, Kasthurirangan Gopalakrishnan, Sunghwan Kim, 
Peter C. Taylor, and Chris Robert Rehmann. Life Cycle Assessment of Heated Apron 
Pavement System Operation. A paper to be submitted for presentation on 2016 
Transportation Research Board (TRB) 95th Annual Meeting and publication in 
Transportation Research Record: Journal of the TRB. Chapter 5 developed more 
comprehensive life cycle models for heated apron pavement operation analysis. Energy 
consumptions and GHG emissions of HHPS-G, HHPS-NG, EHPS, and TSRS operations 
are assessed against various snow periods and snow rates.  
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Finally, Chapter 6 presents the major findings and conclusions of the study and the 
recommendations for future research. Appendix presents one example of detailed LCA calculation 
procedures among many cases conducted in this study to help reader better understand how the 
analyses are done. Figure 1 is a flow chart representing the thesis structure. 
 
 
 
Figure 1. Thesis Organization Flow Chart   
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CHAPTER 2-LITERATURE REVIEW 
We rely on fossil fuel, coal, oil, and natural gas for more than 80% of our current energy 
requirements, and this situation is likely to exist without change for a long time. High energy 
demand is expected to increase during the next two decades, and global energy supplies are largely 
controlled by a small group of countries considered to be political unstable, making the availability 
of a long-term energy supply somewhat questionable (Global Economic Symposium 2014). 
Currently, technology efficiency and energy consumption no longer represent just economic 
problems, but are being studied from a sustainability perspective. 
The continuous increase in global temperature, commonly referred to as global warming, 
is becoming a serious environmental threat that may cause environmental problems like sea level 
rise, extreme weather, ocean acidification, and species extinctions (Lu 2007) (BASC 2011). Based 
on its fifth assessment in 2014, the Intergovernmental Panel on Climate Change (IPCC) reported 
that most global warming is caused by an increasing concentration of greenhouse gases (GHG), 
and increasing anthropogenic and industrial activities such as power-plant coal combustion are 
often cited as a principal cause of such emissions leading. Among the different types of GHG, the 
greatest contribution to the greenhouse effect has been recognized as coming from CO2, CH4, and 
N2O (Zona, et al. 2013), so these gases have been considered as the most significant global 
warming indicators in LCA. 
 
LCA Overview 
LCA provides a macroscopic view for studying the environmental impacts of products, 
techniques, processes, and systems. Because LCA identifies the relationships among media (e.g., 
energy consumption and GHG emissions) and/or among life cycle stages (e.g., product 
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manufacture stage and use stage), it has capabilities to (United Nations Environment Programme 
2015): 
• Evaluate the impacts associated with a given product or system in a systematic way; 
• Compare with one or multiple alternatives to have a better/more informed selection; 
• Quantify the environmental emissions associated to each life cycle stages; 
• Identify the most significant contributor in the life cycle of a product or system; 
• Assess and compare the human and ecological impacts of a selected product or system; 
• Identify impacts to one or more environmental areas of concern. 
Because of these capabilities, LCA has been applied to analyze energy consumption GHG 
emissions associated with various industries or businesses (Malmqvist et al., 2011). The best 
understanding of LCA regards it as a “cradle-to-grave” approach for assessment of production 
processes or industrial systems. The term “cradle-to-grave” implies system analysis beginning 
with raw material extraction all the way through use of a product or operation of a system, 
including the end-of-life stage (ISO 14040 1997). In another words, LCA enables estimation of 
cumulative impacts from all stages of a product or system life cycle, and “life cycle” refers to the 
activities in a product’s or system’s life span that can range from raw-material extraction, 
manufacture, use, and maintenance, to final disposal of its waste.  
As a systematic and comprehensive model, the LCA has four components: goal definition 
and scoping, inventory analysis, impact assessment, and interpretation, as illustrated in Figure 2 
(United Nations Environment Programme 2015).  
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Figure 2. Phase of an LCA 
• Goal definition and scoping: define the product, process or system; establish a purpose or 
objective and identify the system boundary and functional unit; 
• Inventory analysis: identify the value of energy, material inputs, and environmental 
outputs (e.g., GHG emissions, solid waste disposal, wastewater discharge) 
• Interpretation: evaluate the consequences of each defined inventories and analyze the 
total impacts in order to select the preferred product, process or system. 
In accordance with the “Life Cycle Assessment: Principles and Practice” written by 
Scientific Applications International Corporation (SAIC), the process of defining the goal and 
scope of a LCA is critical because it determines the system boundary and time frame of the study 
and identifies meaningful inventories (SAIC 2006). The purpose of conducting a LCA can be to 
deliver a broad environmental assessment since the LCA not only studies the product or system 
itself but also analyzes environmental burdens resulting from associated processes (SAIC 2006). 
The goal of a LCA can also be to choose the best product, process, and system with the least 
undesirable environmental impact and human-health effect, and/or to help develop and enhance 
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the technology, process, and system to a new level that requires less energy and reduces emissions 
(ISO 14040 1997). Because a LCA provides detailed information about each step in the whole 
system life cycle, the step representing the greatest environmental emissions and energy/material 
input will be identified during inventory collection (SAIC 2006). LCA is thus able to provide 
direction to a decision maker seeking to discover the step contributing the greatest pollution 
prevention, resource conservation, and emission minimization during a system or product life 
cycle. 
During the life-cycle inventory phase, all relevant data is collected and calculated to 
evaluate potential environmental impact. Based on EPA’s 1993 document, “Life-Cycle 
Assessment: Inventory Guidelines and Principles” (EPA 1993) and the 1995 document, 
“Guidelines for Assessment the Quality of Life Cycle Inventory Analysis” (EPA 1995), the first 
step is the development of a flow diagram and a data collection plan for the processes being 
evaluated. The inventory data collection and evaluation follows.  The final step is reporting of 
results.   
 
Variants of Life Cycle Assessment 
LCA can be used to analyze a wide variety of production processes or systems under 
different system boundaries or time frames, so this analysis may sometimes be relatively simple 
and sometimes much more complex. There are multiple approaches to performing a LCA to 
achieve the defined objectives. The three most commonly-used methods are a process-based LCA, 
an economic input-output LCA, and a hybrid LCA (Finnveden et al 2009).  
As a traditional LCA approach, the process-based LCA has been used somewhat earlier 
than the other two approaches for analyzing existing material-processing models and energy flows 
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(Carnegie Mellon University 2015). The process-based LCA was summarized in the ISO 14040 
standard. When performing a process-based LCA, the processes of a product or a system are first 
identified, followed by a cradle-to-grave (i.e., life cycle from raw material extraction to waste 
disposal) or cradle-to-gate (i.e., life cycle from raw material extraction to factory gate) analysis 
usually performed at the system boundary determination (ISO 14040 1997).  All data required for 
energy or material input inventories and environmental impact outputs under different processes 
in each stage of the system life cycle are collected from available sources (e.g., system operators, 
product manufacturers, process technicians, previous studies, et al.). Generally speaking, 
processed-based life cycle assessment utilizes a process flow diagram to estimate impact at each 
step and summarizes them to find the total impact produced by a production or system process. It 
also demonstrates all quantified inventories and possible paths at the identified system boundary. 
It can thus effectively illustrate the complexity and variety of a production or system process.  
Although a process-based LCA can easily be done when each of the process inventories of 
a production or a system can be assessed, collecting all the inventory data for a comprehensively 
process-based LCA is a challenge, and a process-based LCA is usually limited by sufficiency of 
data resources. Taking a product-manufacture life cycle as an example, it is not easy to collect 
process-specific data in the LCA because there can be an essentially infinite possibility of supply 
chain paths, making it difficult to analyze all inventories from all production supply-chain paths 
(Lenzen 2002).  
There are two ways to solve this problem. The first is to make assumptions regarding the 
missing inventories and instead perform a partial process-based LCA neglecting some parts of the 
system. However, assumptions regarding cutoff system boundary selection are usually subjective 
and might create uncertainties producing misleading or inaccurate results. For example, water 
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delivery through a pipeline was assumed to have no impact in a natural gas extraction LCA study 
without any further justification (Dale et al. 2013). However, in reality water requires natural gas 
extraction for pumping during pipeline delivery and this will have a certain amount of impact. 
Some studies have also found that cutoff has about a 20% impact for many impact categories (Suh 
et al. 2004) but may have a considerably larger impact at the raw-material extraction stage in some 
product processing life cycles (Ferrao and Nhambiu 2009). Taking biofuel production life cycle as 
an example, 23% of total CO2eq was attributed to biofuel upstream emissions that were normally 
excluded from the process-based life cycle (Acquaye et al. 2011).  
In contrast to a process-based LCA, an economic input-output LCA (EIO-LCA) does not 
require an investigator to analyze every inventory or sector at each life-cycle stage. An EIO-LCA 
quantifies each sector in an economic system interconnected to an environmental and energy 
analysis (Hendrickson 2005). It is therefore able to identify direct and indirect economic, energy, 
or environmental outputs resulting from economic inputs of purchases. Carnegie Mellon 
University has developed an on-line software EIO-LCA model theorized by economist Wassily 
Leontief in the 1970s (Carnegie Mellon University 2015). This model applies the EIO-LCA 
method and its construction contains the whole national economy including imports. The EIO-
LCA on-line tool reports relative impacts of different material production processes, services, or 
system processes with respect to resource use and emissions throughout the supply chain.  A 
previous study (Gaitan 2013) showed that it was essential to analyze at least 20 different supply-
chain paths usually neglected by a process-based LCA in order to cover at least 87% of GHG 
emissions in a chemical industry sector. Because the EIO-LCA model utilizes the entire national 
economy and import data, summarizing different possible supply chain paths, the cutoff problem 
can be solved using an EIO-LCA model rather than a process-based LCA. 
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Even though the EIO-LCA method is powerful, easy, and convenient to use, the model is 
like a “black box” whose system boundary and interrelationships among the sectors inside the 
economic system are not clearly identified. This would be fine if the user only wanted to know the 
final impact result from a product or system, but if each sector or stage of the product or system 
needs to be well understood, using an EIO-LCA model might be challenging. Uncertainty might 
be increased through aggregation of several products to sectors, although the cutoff uncertainty is 
eliminated. Also, when using an EIO-LCA it might be not easy to determine details regarding a 
specific product or system process at a particular time or at particular locations because this model 
utilizes economic data from national accounts (Weibin et al. 2010). For example, in a case where 
the economic data is modified in a national scale, a researcher might obtain a similar impact result 
from mobile manufacturers in Iowa and Missouri by using an EIO-LCA. Of course, results for 
these mobile manufactories in two different states in reality might be significantly different. 
Timeliness of economic data can be another problem in the EIO-LCA model. According to the 
description of this EIO-LCA on-line model, the latest version of data is updated to 2002, and the 
prior version represented 1997 technology and emission intensities of the U.S. economy 
(Hendrickson, et al. 2006). The EIO-LCA is monetary-dependent and the economy is highly 
sensitive to timeliness; therefore, uncertainty can occur when using outdated data. 
The Hybrid LCA is an approach combining a process-based LCA and an EIO-LCA in 
analyzing a product or system process. In the hybrid LCA, the environmental impacts of flows not 
usually included in a process-based LCA are estimated using an environmentally-extended EIO-
LCA (Suh and Huppes 2005). It has been reported that using a hybrid LCA enables better and 
faster modeling by incorporating the completeness of the EIO-LCA with the accuracy of the 
process-based LCA. In a water treatment chemical LCA, Gaitan et al. (2013) developed a hybrid 
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LCA model demonstrating that the method not only expanded system boundaries in the modeling 
but also enabled use of detailed information at the process level. In general, the hybrid LCA 
combines the advantages of both the process-based LCA and the EIO-LCA to minimize drawbacks 
of both approaches.  
 
Previous Life Cycle Assessment Studies for Conventional Snow Removal 
Snow removal is required during winter road maintenance to make travel easier and safer. 
To evaluate the energy requirement and environmental impacts of winter road maintenance, life-
cycle assessment can be conducted in analyzing the whole process from “cradle to grave”. The life 
cycle of snow removal application might include extraction of anti-icing material for winter road 
maintenance, anti-icing material gritting, snow clearance using different types of mechanical 
equipment, mowing and clearing of verges, and removal of snow posts (Sripple 2001). Life cycle 
inventory data collection from previous study or databases of industries or businesses is usually 
relied on.  
For winter road maintenance, salt and sand are used as deicing/anti-icing materials. 
However, there can be multiple types and combinations of sand and salt applications. Energy for 
extraction of salt used for snow removal can be classified as associated with either coal or natural 
gas. Sand can be produced from extraction from aggregate or crushed materials. However, 
different material production industries use various manufacturing processes or techniques 
(Massachusetts Department of Transportation Standard Operating Procedures 2014). Such factors 
result in varieties and uncertainties with respect to energy consumption and emissions from de-
icer/anti-icer extraction. Under these uncertainties and varieties, energy consumption and 
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emissions from salt and sand production are based either on EIO-LCA modelling or rough 
estimation.   
Deicing material spraying is considered to be achieved by truck, and both the spraying 
process and the material transportation stage is considered in the life-cycle analysis. However, a 
snow-removal truck operation strategy that determines emissions and energy consumption of the 
material greeting process could vary by location (Massachusetts Department of Transportation 
Standard Operating Procedures 2014). Considering variation in local traffic conditions or 
regulation/law, it is challenging to construct a consolidated model applicable to every different 
case.     
Snow clearance, mowing of verges, and removal of snow posts most commonly use a truck 
with an attached snow-clearance unit such as a snowplow (Bosely 2008). To evaluate the energy 
consumption and emissions from the snow-clearance operation, a specific type of equipment is 
selected as an example and assumptions based on previous studies with respect to equipment 
behavior are made for assessment (Kecojevic et al. 2011). However, assumptions and variation in 
truck engines and attached snow-clearance equipment might cause uncertainty in energy 
consumption and emission determination, possibly resulting in misleading answers.  
Although LCA modeling attempts to duplicate the actual production or system operation 
process, there is not a great deal of available data for all sectors. Taking snow-removal application 
LCA as an example, labor activity is hard to quantify and usually neglected in the operation life 
cycle, and equipment maintenance may also not be considered (MassDOT SOP 2014). However, 
it is not well known that these cut-off sectors may contribute significant impact to the system life 
cycle.   
17 
 
 
In summary, while LCA is widely-used in analyzing different products or systems, LCA is 
still under development (Finnveden et al. 2009) and there are some errors that are hard to avoid. 
By relying on the goal and scope of the analysis, only the related life cycle inventories and stages 
can be considered and system boundary definition can be subjective. Unknown inventories or 
stages might be overlooked or cut off because of lack of data or complexity of the product/system 
life cycle. The LCA is thus challenging to use in fully evaluating the complex life cycle of a 
product or system. However, LCA can be a useful approach for comparing different products or 
systems from a more comprehensive angle. 
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Abstract 
Geothermal heated pavement systems (GHPS), viz., the use of geothermal energy to heat 
pavements, have been used as an efficient alternative to de-icing chemicals and mechanical snow-
removal equipment. Although some previous studies on pavement-heating systems have focused 
on their efficiency and economic viability, up to this point none of them have systematically 
investigated their potential to contribute toward global warming. This study applies life cycle 
assessment to analyze and compare greenhouse gas (GHG) emissions resulting from the use of 
either GHPS or traditional snow-removal systems on airport runways and gate areas. A GHPS 
produces lower GHG emissions than a traditional snow-removal system in removing 2.5 cm of 
snow from an airport runway, and it is anticipated that the actual environmental benefits of using 
heated-pavement systems may become more evident at higher snowfall intensities or durations. 
The study also discovered that GHG emissions resulting from the use of GHPS at the airport gate 
area are about 100 times less in magnitude than those resulting from the use of either GHPS or 
traditional snow-removal strategies applied to airport runways. This indicates that the use of GHPS 
in selected airport areas such as airport gate areas (as opposed to runways) can result in much 
greater sustainability benefits, in terms of improving airport ground crew safety, cost-
effectiveness, and reducing environmental impact. 
   
1 Primary researcher and author 
* Department of Civil, Construction, and Environmental Engineering, Iowa State University, 
Ames, IA, 50010 
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Introduction 
Snow, ice, or slush on airfield surfaces can result in aircraft-related accidents, so snow 
removal is a top priority for airports (FAA 2012). De-icing and anti-icing are two major techniques 
for removal of snow, frost, or ice from transportation surfaces to increase traffic safety. Airports 
typically use mechanical snow-removal equipment such as snow plows and snow blowers to move 
snow from traffic areas to other locations and use chemical reagents for deicing/anti-icing for 
removal or preventing formation of ice on airport runways, taxi-ways, and other surface areas 
accessible by snow-removal equipment (Amsler 2014).            
Heated pavement systems are being explored as efficient alternatives to mechanical and 
chemical de-icing techniques.  Heated pavement systems refer to the idea of heating a pavement 
surface using either electrical means or through hydronic heating, i.e., running heated fluid through 
embedded pipes (Subsequent Distribution Office 2001).  A geothermally-heated pavement system 
(GHPS) uses a ground-source heat pump (GSHP) to extract geothermal energy for warming up 
and circulating a hot water/glycol mixture through pipes embedded within the pavement to heat 
up the pavement and thereby melt the ice. A GSHP can also provide space heating by capturing 
heat present in the soil or groundwater using a heat exchanger (Kreith and Goswami 2008). 
Geothermal heat-exchanger systems fall into one of three types: direct-exchange, closed-loop, and 
open-loop. Open-loop systems are highly dependent on groundwater extraction and have relatively 
low efficiency; closed-loop systems require longer and larger pipes and consequently result in 
increased construction costs. Because of these disadvantages, this study focused on only direct-
exchange-based GHPS.  
A direct-exchange system uses a single loop to circulate fluid in contact with the ground to 
directly extract or dissipate heat. There are two kinds of piping systems, viz., horizontal systems 
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and vertical systems. The depths of horizontal heat exchangers range from three to eight feet, while 
vertical heat exchangers may require depths ranging from 30 to 152 m (Rafferty 1997). It has been 
claimed that a vertical-loop system is relatively more efficient than a horizontal one because the 
ground temperature remains relatively constant at depths greater than 61 m (ICAXTM 2007), so 
only vertical direct-exchange geothermal systems will be considered in this study. Geothermal 
heating has been used in numerous residential and industrial applications.  
Although previous studies on heated pavement systems have analyzed their snow-removal 
efficiency and cost–effectiveness, few if any studies have attempted to investigate in a systematic 
manner their environmental efficiency based on greenhouse gas (GHG) emissions of CO2, CH4, 
and N2O. An analysis of GHG emissions from newly-developed man-made processes/techniques 
is essential because there is “a more than 90 percent probability” that anthropogenic GHG 
emissions have contributed to many of the current global-warming trends, as described in the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) (IPCC 2007).  
Well-publicized global-warming effects can cause serious environmental problems such as sea-
level rise, subtropical desert expansion, and even extinction of species (BASC 2011) (IPCC 2007) 
(Lu et al 2007).  
To help understand GHG emissions of airport snow-removal systems, a life-cycle 
assessment (LCA) technique for conducting carbon footprint analysis (CFA) can be used. CFA 
analyzes the total amount of CO2 and other GHG emissions released over the life cycle of a product 
or system expressed in metric tons of CO2 equivalents or tCO2eq. The use of a LCA and a CFA to 
assess the GHG emissions of both traditional and alternative airport snow-removal systems will 
enable airport owners or operators to consider various what-if scenarios and identify airport 
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pavement locations where such a system is most likely to have the highest/least environmental 
impact. 
 
Scope and Objectives 
The overall goal of this study is to compare the energy use and carbon footprint of a GHPS 
with that of a traditional airport runway snow-removal system. LCA methodology will be used to 
estimate GHG emissions from both the snow-removal systems by defining and establishing the 
boundaries for the system analysis, by developing a full understanding of the amount of energy 
used and GHG emissions from the systems, by assessing potential environmental effects through 
an inventory analysis, and by evaluating the consequences of the inventory analysis and impact 
assessment to provide actionable insights for system operators (SAIC 2006).  
There are three broad approaches to conducting a LCA: process life-cycle assessment, 
economic input-out life-cycle assessment, and hybrid life-cycle assessment. Although the LCA 
process has disadvantages, such as subjective boundary selection, lack of comprehensive data in 
many cases, and some uncertainty, it does provide detailed information with respect to the 
assessment of specific processes and is generally considered to be an effective methodology for 
product comparisons (Melissa 2007). The LCA process considers material and energy input and 
GHG output within the pre-defined system boundary at every stage in the life cycle. Since the 
objective of this study is to do a comparative CFA and environmental impact assessment of 
traditional snow-removal and heated pavement systems rather than a detailed cradle-to-grave LCA 
of airport snow-removal systems, a partial LCA methodology has been adopted, one that excludes 
those phases of the life cycle that are exactly the same for both systems with respect to energy 
consumption and GHG emissions. 
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The GHGs considered in this study include CO2, CH4 and N2O emissions resulting from 
construction and operation phases of both snow-removal systems. The concept of global-warming 
potential (GWP) is typically used to express the capability of a certain GHG to trap heat in the 
atmosphere relative to CO2 over a specified time horizon. Based on the Fifth Assessment Report 
of the IPCC (IPCC 2007), CO2 has a global-warming potential (GWP) of 1 over 100 years; CH4 
has a GWP of 25 (i.e., Methane is capable of trapping 25 times more heat than CO2 per unit weight 
over a 100-year time period) and N2O has a GWP of 298.  
The nature of LCA and GHG emissions from energy production and waste treatment 
operations is well documented in the literature, so upstream GHG emissions from power plant and 
end-of-life GHG emissions from waste treatment are included in this study in order to provide 
better understanding and highlight the differences in energy use and carbon footprints between the 
two types of snow-removal systems.    
 
Carbon Footprint Analysis Methodology 
Overview of snow-removal system life-cycle phases  
The life cycle of a snow-removal system includes several different stages in its production, 
implementation, and operation, beginning with the extraction of its raw materials. As the first LCA 
study on GHPS at airports, this study considered only life-cycle phases making significant 
contributions towards overall GHG emissions from both GHPS and traditional snow-removal 
systems. GHPS also is a relatively new technology applied to airport snow removal, and therefore 
detailed information needed to conduct a full-fledged LCA study related to its maintenance 
(frequency, energy consumption, etc.) is lacking in the literature. Thus, for the sake of simplicity, 
this study focused more on GHG emissions from the construction and operational phases of the 
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traditional snow-removal system and the GHPS. The time horizon for analysis was assumed to be 
20 years, ranging from construction through operation. The GHGs from wastewater treatment and 
incineration plants have previously been reported as being significant, so waste treatment was 
included separately as a life-cycle phase. Assuming that the waste released consists mostly of 
chemical pavement deicer (mixed with melted ice/snow slush) from the operational phase of the 
traditional runway snow-removal system, the wastewater treatment phase is included in the LCA 
of the traditional snow-removal system. However, based on reported literature, viz., Life Cycle 
Assessment: Principle and Practice (SAIC 2006), landfills have not been considered as a life-cycle 
phase in this study. 
To compare the GHG emissions of both snow-removal systems under identically 
conditions, both are assumed to be used to remove 2.5 cm (1 in.) of snow at an ambient temperature 
of -21°C (-6°F, a freezing rainy day) on identical airport runways. The runway area for analysis is 
assumed to be 1.67×105 m2 (1,190 m. × 14 m.) and the runway section is assumed to consist of 30 
cm thick Portland cement concrete (PCC) pavement.   
 
Geothermally-heated pavement system model and life cycle  
For the vertical direct-exchange geothermal system considered in this study it is assumed 
that one unit of hydronic piping (see Figure 3 (a)) can heat an area of 0.85 m2. A three-quarter-
inch polyethylene (PE) pipe is assumed in this study to circulate a propylene glycol solution (FAA 
2011); the maximum pipe length is about 91 m for a single circuit. Since one unit of hydronic 
piping requires 5.2 m of pipe length, there can be 18 units per circuit (see Figure 3 (b)). In this 
study, 40 circuits were calculated to have been placed into one well to minimize the number of 
heat wells (see Figure 3 (c)); one 152-m heat well can thus warm up to about 613 m2 of slab area. 
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Assuming a 3.8 liter per minute water-flow rate per circuit, the total flow rate is 2.5×10-3 m3/s per 
heat well.  
The GHPS life cycle phases include a construction materials production phase, a system 
construction phase, an energy production phase, and a system operation phase. There is no waste 
treatment phase since there is no use of deicer with heated pavements. The energy production 
phase also accounts for GHG emissions from cradle to grid. In this study, the critical factors in the 
GHPS construction phase are the drilling of the heat well and the PCC pavement production. The 
only energy demand to run the system is assumed to be that for the pumping operation. An electric 
pump is selected as an example of a power-supply device for circulating the heated fluid. System 
boundary of the GHPS life cycle considered in this study is shown in Figure 4. 
Because the electric pump applied in a direct-exchange geothermally-heated system 
consumes electrical power for circulating fluid, no GHG will be directly released from the heated 
system. This means that the total amount of GHG released from the construction materials 
production phase, the construction phase, and the energy production phase has been taken to be 
the total GHG emissions from the GHPS. 
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(a) 
 
(b) 
 
(c) 
 
Figure 3. Plan view of hydronic piping model: (a) one unit of hydronic piping, (b) one 
circuit of hydronic piping, and (c) hydronic piping model per heat well  
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The GHPS life cycle phases include a construction materials production phase, a system 
construction phase, an energy production phase, and a system operation phase. There is no waste 
treatment phase since there is no use of deicer with heated pavements. The energy production 
phase also accounts for GHG emissions from cradle to grid. In this study, the critical factors in the 
GHPS construction phase are the drilling of the heat well and the PCC pavement production. The 
only energy demand to run the system is assumed to be that for the pumping operation. An electric 
pump is selected as an example of a power-supply device for circulating the heated fluid. System 
boundary of the GHPS life cycle considered in this study is shown in Figure 4.  
 
 
Figure 4. System boundary of geothermal heated pavement system   
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Because the electric pump applied in a direct-exchange geothermally-heated system 
consumes electrical power for circulating fluid, no GHG will be directly released from the heated 
system. This means that the total amount of GHG released from the construction materials 
production phase, the construction phase, and the energy production phase has been taken to be 
the total GHG emissions from the GHPS. 
 
Construction material production phase and construction phase 
The airport runway PCC, with a 20-year design life, has an assumed composition of 12% 
cement, 82% aggregates, and 6% water by total volume. Using system boundaries, technical 
applications, fuel sources, and raw material sources described in previous studies, the GHG 
emission factors from concrete manufacturing, assumed to be the same as reported in those 
(Hanson et al 2012) (Loijos 2014) (Marceau et al 2006) (Zapata and Gambatese 2005) (Mukherjee 
and Cass 2011) vary from 0.10 to 0.13 tCO2eq/t of concrete. A GHG emission factor of 0.13 
tCO2eq/t of concrete is assumed as a conservative estimate for the pavement-construction materials 
production phase in this study. The total mass of concrete required for building a runway area of 
1.67×105 m2 with 30 cm thickness is estimated to be 1.35×105 t (density of concrete is assumed to 
be 2.68 t/m3). Consequently, the GHG emissions from pavement-construction materials 
manufacturing is about 1.7×104 tCO2eq.  Based on a previous study (Carolin et al 2011), a GHG 
emission factor of 0.004 tCO2eq per 30.5 m pipe is assumed for PE pipe manufacturing. Based on 
the geothermal-heated pavement model, about one million meters of PE pipe are needed to heat 
the 1.67×105 m2 runway area, so the total GHG emissions from PE pipe manufacturing are 
estimated to be 43 tCO2eq. 
30 
 
 
The construction phase of the GHPS includes PCC placement and heat-well drilling. Based 
on a previous study (Loijos 2014), the GHG emission factor for PCC placement taken to be 2.5×10-
3 tCO2eq/t concrete which is much less than 23.3×10-1, the emission factor for construction-
materials manufacturing. The GHG emission from PCC placement is thus 338 tCO2eq. Heat-well 
drilling utilizes a driller to dig deep holes, and a driller equipped with a 1,500 kW engine and 
exhibiting a 39.6 m/min drilling speed is assumed in this study. Based on the geothermally-heated 
system model considered in this study, 263 wells are required, so the total drilling time works out 
to be 34 hours. To accurately determine the amount of GHG released from heat-well drilling, an 
estimation of diesel oil consumption must be included; the fuel consumption estimated as in 
(Kecojevic and Komljenovic 2001) is: 
        0.3FC RP LF= × ×                                                                                                                   (1) 
where FC is Fuel Consumption (per h), RP is equipment rated power (kW), 0.3 is a unit conversion 
factor (per kWh), and LF is an engine load factor (60% assumed).  
           The diesel fuel CO2 conversion factor (99% of total GHG) emission can be calculated as 
(Kecojevic and Komljenovic 2001): 
         0.00268GHG emission FC= ×                                                                                                 (2) 
where the conversion factor for diesel fuel is taken to be 0.00268 t (EPA 2005). GHG emissions 
from heat well drilling are estimated to be 42 tCO2eq.  
Because of lack of available data regarding energy consumption and emissions from the 
PEX pipe-placement operation (expected to be minimal from an overall life-cycle perspective), it 
is not included in this study. The resulting total GHG emissions from the construction phase are 
calculated to be 380 tCO2eq. Since the time horizon of the airport runway in this study is assumed 
to be 20 years, the total GHG emissions from the construction material production phase and the 
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construction phase can be calculated to be 17,423 tCO2eq, and the resulting daily GHG emissions 
are 2.39 tCO2eq. 
 
Energy production phase and operation phase 
The energy production phase GHG emissions analysis is based on previous studies (EIA 
2014) (NETL 2000) of life-cycle assessment of electrical power production. Three different 
power-plant energy sources are considered in this study: coal, natural gas and distillate oil. Because 
coal-fired power plant GHG emissions can vary by location, a power plant located in Iowa has 
been assumed in this analysis. The phases of coal-fired power-plant life cycle include coal mining, 
coal preparation/cleaning, all necessary transportation of coal to power plant, and electrical grid 
power production. GHG emissions of different life phases of the assumed coal power plant are 
shown in Table 1. 
 
Table 1. GHG emissions from coal-fired power plant 
Life Cycles of Coal Power Plant GHG Emission Factor (tCO2eq/MWh) 
Percentage 
(%) 
Surface mining1 7.0×10-3 0.70 
Coal washing2 1.0×10-4 0.01 
Coal transportation Shipping
3 1.0×10-1 10.1 
Railway4 2.6×10-4 0.03 
Grid electricity production5 8.8×10-1 89.2 
Whole life cycle 9.9×10-1 100 
1Illinois No. 6 coal as an example; electricity demand: 0.0143 MWh/t of coal; diesel oil demand: 269 m3/MMT of 
coal; transportation of diesel oil GHG emission: 2.7 kgCO2eq/L; 0.54 kg coal/kWh electricity produced (Spath et al 
1999) (CDM-Executive Board 2001) (EIA 2014). 
2Jig washing is the technique used in this LCA (Spath et al 1999). 
3Distance from mining to power plant: 434 km; GHG emission: 0.43 kgCO2eq/t·km (Chen et al 2013). 
4Distance from mining to power plant: 48 km; GHG emission: 0.01 kgCO2eq/t·km (Chen et al 2013).  
5Data from US Energy Information Administration EIA-1605 is used (EIA 2007) 
 
A natural gas-fired power plant life cycle includes natural gas extraction, natural gas 
pretreatment, natural gas pipeline transportation, and electrical grid power production (NETL 
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2000). GHG emissions from different life cycle phases of a natural gas-fired power plant are 
shown in Table 2.  
Table 2. GHG emissions from natural gas-fired power plant 
Life Cycles of Coal Power Plant GHG Emission Factor (tCO2eq/MWh) 
Percentage 
(%) 
Natural gas extraction1 4.3×10-3 1.01 
Natural gas pretreatment and 
transportation2, 3 
9.9×10-5 
 
0.03 
 
Grid electricity production4 4.2×10-1 99.0 
Whole life cycle 4.2×10-1 100 
1Natural gas density: 0.7 kg/m3; 2-phases 95%-efficiency compressor is applied, power demand: 4.9×10-3 kw/m3 of 
natural gas (NETL 2000). 
2Total distance: 482 km by pipeline transportation (Chen et al 2013). 
3Specific volume of natural gas: 1.49 m3/kg; auxiliary boiler natural gas consumption: 0.16 kg/MWh (NETL 2000). 
 
Because the distillate oil-fired power plant GHG emissions factor is highly site-specific, a 
reasonable value of 0.778 tCO2eq/MWh based on a previous study (Gagnon et al 2002) was 
assumed. To confirm the applicability and use of this factor, it was compared with the US Energy 
Information Administration (EIA) database (EIA 2014). 
In summary, a (bituminous) coal-fired power plant in Iowa has a GHG emission factor of 
0.99 tCO2eq/MWh; a natural gas-fired power plant has a GHG emission factor of 0.42 
tCO2eq/MWh, and a distillate oil (No.2) power plant GHG has an emission factor of 0.78 
tCO2eq/MWh. 
To determine the amount of energy required to melt a 2.5 cm thick snow cover, the 
following equation for calculating the required pavement heat output (qo) in Btu/h∙ft2 was applied 
(Chapman 1952): 
           ( )qo qs qm Ar qe qh= + + +                                                                                                 (3) 
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where qs = sensible heat transferred to the snow (Btu/h∙ft2), qm = heat of fusion (Btu/h∙ft2), Ar = 
ratio of snow-free area to total area (dimensionless), qe = heat of evaporation (Btu/h∙ft2), and qh 
= heat transfer by convection (Btu/h∙ft2). 
 
The energy demand (qo) was estimated to be 205 Btu/h∙ft2 (2.5×105 J/h∙m2) for snow 
removal. Approximately 20% back and edge losses (American Society of Heating 2003) were 
assumed in the heat output calculations. Because the total area for one runway is 1.67×105 m2, the 
total energy demand to melt 2.5 cm snow is estimated to be 452 million kJ. Using the geothermally-
heated pavement model discussed above, there is a demand of 263 heat wells and each heat well 
is 152 m deep. The energy supplied by the geothermal vertical loop can be calculated using the 
following equation (Ozyurt and Ekinci 2011): 
  0.00095 ( )E P m cp T= × × × × ∆                                                                                         (4) 
where E = energy supply (J/h), m = mass flow rate of water (9.200 t/h), cp = specific heat of 
water (4.18 J/g∙°C), ∆T = outlet water temperature - inlet water temperature (10°C assumed), P = 
energy loss from PE (cross-linked polyethylene) pipes, soil, and concrete slab (80% assumed).  
Therefore, 263 heat wells can supply about 8.1×107 kJ/h. The energy required to melt 2.5 
cm of snow on a 1.67×105 m2 runway section is 4.5×108 kJ with an operational time of 5.56 hours. 
To pump 2.5×10-3 m3/s of water through a 152 m deep heat well, the pump power requirement can 
be calculated as: 
               / 3960Hp Q H= ×                                                                                                             (5) 
where Hp = horse power of each pump, Q = flow rate (151 liter/h), and H = depth of heat well 
(152 m). 
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The horsepower demand for each pump is 5.05 Hp, or 3,768 watts. Because 263 heat wells 
would require 263 pumps, the required energy is 5,522 kWh to melt 1.67×105 m2 of 2.5 cm-depth 
snow in 5.56 hours. The GHG emissions resulting from the use of electricity produced by a coal-
fired power plant, a natural gas-fired power plant, and a distillate oil-fired power plant are 5.43 
tCO2eq, 2.32 tCO2eq, and 4.30 tCO2eq, respectively. 
 
Traditional snow-removal system model and life cycle 
Based on the FAA snow-removal standard (FAA 2012), snow-clearing time for each 
runway at a commercial service airport whose annual airplane operations exceed 40,000 in number 
should be limited to 0.5 hours. Snow plows, snow brooms, snow blowers and chemical deicer 
trucks are the assumed snow removal equipment units to be used in removing 2.5 cm of snow from 
a runway in this study. Snow-removal equipment is assumed to operate at a speed of 32 km/h, and 
the traditional snow-removal strategy assumed in this study is as follows: a snow-plow is run to 
move the snow to the side (it is assumed that 6 snow plows and 6 snow brooms with a 8,600 kW 
total engine power will be employed), followed by two snow blowers with a total engine power of 
1,640 kW and two chemical sprayers with a total engine power of 1,200 kW to spray deicer on the 
runway to prevent snow formation. 
One of the major differences in life cycle phases between the GHPS and a traditional snow-
removal system is the waste-treatment phase required during the traditional snow-removal system 
life-cycle phase. Because chemical deicer is used in snow equipment application, the resulting 
polluted water must be treated in a wastewater treatment plant, contributing considerable GHG 
emissions to the system life cycle. It is assumed that the traditional snow-removal system is 
operated over a conventional PCC pavement, and that diesel oil is used for snow-removal 
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equipment operation. The system boundary for the traditional snow-removal system operation life 
cycle considered in this study is shown in Figure 5. 
 
Figure 5. System boundary of traditional snow removal system 
 
Construction materials production phase and construction phase 
The PCC pavement construction materials production phase includes only the pavement 
construction materials manufacturing process. In this study, PCC pavement concrete applied in a 
traditional snow-removal system runway is assumed to be identical to the concrete used in GHPS, 
so the GHG emissions are estimated to be 1.7×104 tCO2eq. The GHG emissions from the PCC 
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pavement construction phase are estimated to be 338 tCO2eq, similar to the construction phase 
estimate for the GHPS. 
 
Energy production phase and operational phase 
Diesel fuel is assumed to be the only energy source used for snow-removal equipment. The 
emission factor for fuel extraction is 0.022 tCO2eq/MWh, and for petroleum is 3.35 kWh/L, so the 
GHG emission factor is 0.0737 t/m3. Since fuel consumption is 231.06 L, the total GHG emissions 
from the fuel extraction phase of the traditional snow-removal system life-cycle are estimated to 
be 0.017 tCO2eq. To calculate the amount of diesel fuel used by snow-removal equipment in 
removing 2.5 cm of snow and thereby estimate the GHG emissions, equations (1) and (2) were 
used to calculate GHG emissions from heat-well drilling, so removal of a 2.5 cm deep snow layer 
in 0.5 h from about 1.67×105 m2 of runway area requires six snow plows, six snow brooms, two 
snow blowers and two chemical sprayers; the GHG emissions resulting from snow removal 
operations are thus 0.62 tCO2eq/day. 
 
Waste-treatment phase 
At an ambient temperature of -21°C on a freezing rainy day, the potassium acetate de-icer 
demand is approximately 11 liters per 93 m2 runway for melting 2.5 cm of snow (CRYOTECH 
2014). The total potassium acetate demand is about 20,000 liters, and 90% of the de-icing 
wastewater is assumed captured (EPA 2014). The concentration of the 50% potassium acetate 
component is 7.8×10-4 t/L (CRYOTECH 2014), so the Chemical Oxygen Demand (COD) content 
of potassium acetate de-icer can be calculated as:
( ) ( ) ( ) ( )2     /   /COD lbs Chemical lbs Chemical Molecular Weight mole g ThOD O Molecular Weight g mole= × × ×                                                                                               
                                                                                                                                                      (6) 
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where the ThOD of potassium acetate is 0.92 mole/g, the Potassium acetate molecular weight is 
0.01 mole/g, and the O2 molecular weight is 32 g/mole (National Center for Biotechnology 
Information 2014).  
The total wastewater COD is 4.2 t. The airport runway wastewater is assumed to be treated 
by the nearest city wastewater treatment plant that uses an aerobic biological treatment, and a value 
of 1×10-3 kWh electricity demand per t COD is assumed for such treatment (Geest and Kiechle 
2010). Therefore, the total electricity demand for deicer wastewater treatment will be about 4,202 
kWh. With respect to the GHG emission factors of the power plant, the GHG emissions of 
wastewater treatment are estimated to be 5.83 tCO2eq from coal-fired plants, 2.85 from natural 
gas-fired plants, and 4.74 from distillate-oil-fired power plants. 
 
Comparison of Results and Discussions 
The GHG emissions from both snow-removal systems to remove 2.5 cm of snow on a 
freezing rainy day are summarized in Table 3 and Table 4, respectively. Energy production and 
construction materials production are two phases that release more GHG emissions than other life-
cycle phases in both snow-removal systems. The GHG emissions from the operational phase are 
not included in Table 3 since they are already accounted for in the energy production phase 
(electrical power is consumed during the operation of the GHPS). Similarly, GHG emissions from 
the waste-treatment phase are not included in Table 4 since they are already accounted for in the 
energy production phase (electricity is consumed during deicer wastewater treatment). However, 
operational-phase GHG emissions are separately presented in Table 4 since diesel fuel is consumed 
during the operation of snow-removal equipment and this has not been accounted for in other life 
cycle phases of the traditional snow-removal system. 
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Table 3. GHG emissions from geothermal heated pavement system 
Life Cycle Phases GHG emissions (tCO2eq/day) 
Construction 
materials 
production 
Pavement construction materials 
manufacturing 23.3×10
-1 
PE pipe manufacturing 5.9×10-3 
Construction Concrete placement 4.6×10
-2 
Heat well drilling 5.8×10-3 
Energy production 
Coal power plant 54.6×10-1 
Natural gas power plant 23.2×10-1 
Distillate oil power plant 43.0×10-1 
Total 
Case 1: Energy generated by coal power plant 78.5×10-1 
Case 2: Energy generated by natural gas 
power plant 47.1×10
-1 
Case 3: Energy generated by distillate oil 
power plant 66.9×10
-1 
 
Table 4. GHG emissions from traditional snow removal system 
Life Cycle Phases (20 year time frame) GHG emissions (tCO2eq/day) 
Construction materials 
production 
Pavement construction materials 
manufacturing 23.3×10
-1 
Construction  Concrete placement 4.6×10-2 
Energy Production 
Diesel fuel manufacture 1.7×10-2 
Electricity for 
wastewater 
treatment 
Coal power plant 58.3×10-1 
Natural gas power plant 28.5×10-1 
Distillate oil power plant 47.4×10-1 
Operation  Snow equipment application 6.2×10-2 
Total 
Case 1: Energy generated by coal power plant 82.1×10-1 
Case 2: Energy generated by natural gas power 
plant 52.3×10
-1 
Case 3: Energy generated by distillate oil 
power plant 71.2×10
-1 
 
Based on the assumptions made in this study, the total GHG emissions from GHPS appear 
to be less than the GHG emissions using a traditional snow-removal system to remove 2.5 cm of 
snow from an airport runway on a freezing rainy day. High GHG emission from a traditional snow-
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removal system is caused mainly by the deicer wastewater treatment. An increase in snowfall, of 
course, requires more deicers for the same area. GHPS can solve the problem caused by using a 
deicer to remove snow from the runway.  
The GHG emissions from both types of snow-removal systems are slightly higher if coal 
and distillate oil are used as power-plant energy sources; the GHG emissions, however, are reduced 
when electrical power to operate the GHPS and the deicer wastewater treatment of a traditional 
snow-removal system is obtained from a natural gas-fired power plant. 
 
Some Implications for Practice: Use of GHPS in Airport Gate Areas 
The use of GHPS on airport gate areas, compared to use on runways/taxiways, has gained 
more attention from airport authorities such as the U.S. Federal Aviation Administration (FAA), 
especially because traditional snow-removal equipment has difficulty in accessing such areas when 
a flight remains at a gate; in such a situation, before performing snow-removal operations, some 
on-ground maneuvering of the aircraft is required because of the presence of snow-clearing crews. 
This type of operation on slippery pavement surfaces has the potential to cause accidents involving 
the snow-clearing crew (such incidents have been reported by some airports) as well as economic 
penalties. Considering the potential benefits of using GHPS in airport gate areas, an environmental 
impact assessment study focusing on the use of GHPS in airport gate area was carried out.    
GHG emissions from the use of GHPS in airport gate areas were estimated using 
procedures and assumptions similar to those used in estimating GHG emissions from airport 
runaway areas. Table 5 summarizes the GHG emission estimates for each life-cycle phase 
considered in this study for the use of GHPS in airport gate areas. Assuming about 1,700 m2 of 
gate area, about 95 times less than that of the runway area, about 0.025 tCO2eq/day of GHG 
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emissions can be estimated from pavement construction materials manufacturing, about 6×10-5 
tCO2eq/day of GHG emissions from PE pipe manufacturing, and less than 1×10-3 tCO2eq/day of 
GHG emission for the construction phase. To melt 2.5 cm of snow on a 1,700 m2 gate area, 4.9×106 
kJ of energy is required to operate15 well pumps in 15 bore holes. To produce this energy 
requirement, the estimated GHGs are 0.057 tCO2eq/day from a coal-powered plant, 0.024 
tCO2eq/day from a natural gas-powered plant, or 0.045 tCO2eq/day from an oil-powered plant.   
Based on GHG emission estimates for each life-cycle phase in the use of GHPS in the 
airport gate area, the estimated total GHG emissions are:  
• Case 1: 0.083 tCO2eq/day for energy generated by a coal-powered plant,  
• Case 2: 0.05 tCO2eq/day for energy generated by a natural gas-powered plant, and  
• Case 3: 0.071 tCO2eq/day for energy generated by a distillate oil-powered plant. 
 
Table 5. GHG emissions from geothermal heated pavement system applied in gate area 
Life Cycle Phases (20 year time frame) GHG emissions (tCO2eq/day) 
Construction materials 
production 
Pavement construction materials 
manufacturing 2.5×10
-2 
PE pipe manufacturing 6.2×10-2 
Construction  Concrete placement 4.9×10
-4 
Heat well drilling 6.1×10-5 
Energy production 
Coal power plant 5.7×10-2 
Natural gas power plant 2.4×10-2 
Distillate oil power plant 4.5×10-2 
Total 
Case 1: Energy generated by coal power plant 8.3×10-2 
Case 2: Energy generated by natural gas power 
plant 5.0×10
-2 
Case 3: Energy generated by distillate oil 
power plant 7.1×10
-2 
 
All these GHG emission estimates for GHPS in the airport gate area are about 100 times 
less than those for GHPS (See Table 3) and traditional snow-removal strategies (See Table 4) in 
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airport-runway applications. These results indicate that the use of GHPS in selected airport areas 
such as airport gate areas (as opposed to runways) offers far greater sustainability benefits, in terms 
of improved airport ground crew safety, cost-effectiveness, and reduced environmental impact.      
      
Conclusions and Recommendations 
This study was carried out to assess and compare GHG emissions from GHPS and 
traditional snow-removal systems. A partial process-based LCA approach was adopted in this 
study with the specific goal of carrying out a comparative assessment of the GHG emissions from 
GHPS and traditional snow-removal systems. Several simplifying assumptions were necessary 
because of lack of publicly available data. Overall findings (subject to the scope and specific 
assumptions made in this study) and future recommendations are summarized below.  
Findings 
• A GHPS produces lower GHG emissions than a traditional snow-removal system in 
removing 2.5 cm of snow from an airport runway.  
• An LCA of GHPS in an airport-runway application demonstrates that most of the 
associated GHG emissions are released during the energy production and construction 
materials production phases.  
• A relatively high amount of GHG emissions result from the large amount of energy 
required to extract sufficient geothermal energy for melting snow from large runway 
areas (1.67×105 m2 in this study). Therefore, if the efficiency of geothermal energy 
extraction were to be improved, a geothermally-heated pavement system could reduce 
GHG emissions and result in improved viability from an environmental perspective.    
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• The independent LCA carried out for the airport gate area shows that the GHG emission 
from GHPS is about 100 times less than the emission from a similar system used on a 
runway, so the use of a geothermally-heated pavement system in an airport gate area 
not only has less environmental impact, but also overcomes a number of problems 
associated with removing snow from gate areas using mechanical equipment, 
environmental pollution caused by use of chemicals, and safety issues involving snow-
clearing ground crews on cold winter days. 
• The deicer wastewater treatment phase accounts for the majority of GHG emissions 
when using a traditional snow-removal system. 
Recommendations  
• Based on assumptions and calculations for a geothermally-heated pavement heated 
pavement system, most of the GHG releases occur during the operational phase, so system 
equipment sizing and choice of energy source can be critical in enabling geothermally-
heated pavement systems to be more environmental-friendly. 
• Since the use of GHPS in airport paved surfaces represents a relatively new application, a 
there exists only a sparse amount of data for conducting a full-fledged LCA. As more data 
becomes available, a detailed LCA could be conducted to gain further insight into 
sustainability benefits and other impacts associated with the use of GHPS.   
• Future studies should focus on differences in weather conditions, snow-removal equipment 
and strategies, and other potential factors that might influence GHG emissions produced 
by both systems. 
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Abstract 
Traditional snow removal equipment (SRE) is typically used in clearing snow from large 
areas in airport pavements such as the runways and taxiways. However, their utility in small areas 
like the airport apron is limited and challenging to airport operators. A relatively new technology 
called the hydronic heated pavement system (HHPS) can be applied in the apron areas to save 
airline delay time and reduce man-power. The primary goal of this study is to employ the life cycle 
assessment (LCA) methodology to evaluate and compare energy consumptions, GHG emissions, 
and costs from the operations of three different HHPSs: hydronic heated pavement system using 
geothermal heat pump (HHPS-G), hydronic heated pavement system using electric water heater 
(HHPS-E), and hydronic heated pavement system using natural gas boiler (HHPS-NG). The 
system boundaries where the analysis is carried out are defined and established. The consequences 
of the inventory analysis and impact assessment of both systems are conducted and discussed to 
provide some actionable insights to the system operators. The LCA results indicate that the 
operation of HHPS-G for apron snow removal might have the least energy requirements, GHG 
emissions, and operating costs. Also, the potential sustainability benefits of HHPS-NG is expected 
to increase as the efficiency of water boiler improves.   
 
1 Primary researcher and author 
* Department of Civil, Construction, and Environmental Engineering, Iowa State University, 
Ames, IA, 50010 
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Introduction 
Traditional snow removal system usually applies snow removal machines, like snow plow 
and snow bloom combinations, snow blowers, and deicing chemical sprayers to achieve airfield 
surface cleaning missions. These mechanical equipment are usually designed for large areas, like 
runway, in order to increase snow removal efficiency. However, it makes the equipment difficult 
to operate in a narrow space like the airport apron. Although smaller snow removal machines are 
used instead to remove snow from apron areas, they are not as efficient as the big equipment used 
in runway, and more labors and time are required for traditional apron snow removal application. 
According to all these reasons, using traditional methods to remove snow from apron areas could 
cause airline delay problems and high operation costs. Because airport apron is the area where 
aircraft are parked, unloaded or loaded, refueled, or boarded (FAA 2012), many human activities 
are involved in this area. Also potential risks, like airport crew safety issues, might happen during 
traditional snow removal applications. In order to prevent airline delay problem and airport crew 
accident happening during snow removal application, hydronic heated pavement systems are being 
studied as the alternative strategy to traditional snow removal system applied in apron areas. 
Previous study suggested hydronic heated pavement system could have great sustainable benefits 
to be used for apron snow removal applications (Shen et al. 2015).  
   Hydronic heated pavement system (HHPS) utilizes natural gas boiler or electric water 
heater to warm up and circulate hot water through embedded pipes in the pavement in order to 
heat up the pavement and melt the ice. An alternative approach called geothermal heated pavement 
system (HHPS-G) is using geothermal energy instead for heating. To achieve the heating function, 
ground source heat pump (GSHP) is utilized to replace boiler or heater. GSHP can supply space 
heating by accessing heat in the soil (Kreith and Goswami 2001). It is applied in regions that do 
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not have access to high temperature geothermal resources. GSHP takes the heat absorbed in the 
land from solar energy through the use of a ground heat exchanger. Ground heat exchanger has 
three types of systems, direct exchange geothermal system, closed loop geothermal system and 
open loop geothermal system. Considering the relatively lower efficiency, longer and larger pipe 
requirements and high construction fee of closed loop systems, this paper focuses on direct 
exchange based HHPS-G. The direct exchange system uses a single loop to circulate fluid in 
contact with the ground to extract or dissipate heat directly.  
   In order to understand the energy consumptions, GHG emissions, and operating cost, a 
life cycle assessment (LCA) method is used in this study. The use of LCA to assess the GHG 
emissions of different alternative airport heated pavement systems will enable airport owners or 
operators to study different what-if scenarios, identify airport pavement locations where one or 
both the systems would have the highest/least environmental impact. A carbon footprint analysis 
and comparison between HHPS-G and conventional airport runway snow removal system has been 
studied previously, however, operating cost was not assessed in previous study (Shen et al 2014). 
Knowing the operating cost could give the system user a more comprehensive view in comparing 
different alternatives. Technical economic analysis (TEA) is usually applied by researchers to 
understand the cost of a system or a product in particular system boundary.  To help the airport 
company to choose a more cost-effective heated pavement systems alternative, TEA is used to 
analyze the cost to operate geothermal and hydronic heated system during snow removal.  
   The overall goal of this study is to understand and compare the energy consumptions, 
GHG emissions, and costs of the operations of three alternative hydronic heated pavement systems, 
HHPS-G, HHPS-E, and HHPS-NG for different snow rate conditions. 
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Analysis Methodology 
Geothermal heated pavement operation system boundary  
The system boundary of HHPS-G operation to prevent ice/snow accumulation on apron 
surface were identified and illustrated in FIG. 1. Energy production stage and system operation 
stage are included in this study. Energy production stage describes the life cycle of power plant 
producing electricity which is used for supplying geothermal heat pump and circulating pump 
operations. A “cradle-to-gate” assessment of energy production facility (power plant) is applied to 
estimate the GHG emissions from energy production phase. Three different types of power plants 
are considered in this study, which include coal fired power plant, natural gas power plant, and 
distillate oil power plant.  
 
 
Figure 6. System boundary of geothermal heated pavement system. 
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Hydronic heated pavement system operation boundary  
The system boundaries of HHPS-E and HHPS-NG are identified and illustrated in Figure 
7 (a) and (b), respectively.  .  Similar to the system boundary of HHPS-G, HHPS-E and HHPS-
NG system boundaries both include energy production stage and heated pavement system 
operation stage. Three different types of power plants are analyzed for HHPS-E and HHPS-NG 
as well. For HHPS-E, energy production stage represents that life cycle phase of power plant 
which generates electricity for water heater to warm up solution and circulating pump operation. 
Different from HHPS-G and HHPS-E, HHPS-NG operation energy production stage includes 
life cycle phase of electricity generation from power plant and life cycle phase of natural gas 
production facility. Electricity is used to supply circulating pump operation, and natural gas is 
combusted in natural gas boiler for solution heating as Figure 7 (b) describes. 
 
 
(a) 
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 (b) 
  
Figure 7. System boundary of hydronic heated pavement system: (a) electric water heater, 
(b) natural gas boiler. 
Heated pavement system models  
 
In order to understand the behaviors of both heated pavement systems under different 
weather conditions, five different snow rates, which were 0.5 in/h, 0.75 in/h, 1 in/h, 1.5 in/h and 2 
in/h, at an ambient temperature of 20°F and wind speed of 10 mile per hour were analyzed in this 
study. 
The airport heated pavement systems in this study are applied in the MD-87 aircraft (short 
to medium range airliner) gate area, which is about 19,000 ft2 (Robert et al 2010). Both of the 
heated pavement designs were based on Viega Snow Melting System Installation Manual (Viega 
2003). The pipe line design for both geothermal and hydronic heated pavement systems used ¾ 
inch cross-linked polyethylene (PEX) pipe, whose circuit length is 400 ft, and total 71 circuits are 
required. A 40% by volume of propylene glycol solution is used as a heated medium in both 
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systems to prevent pipe line frozen, and it is circulated in a flow rate of 8.3 gallons per minute 
(gpm). The total flow rate of the system is 591 gpm and pressure drop is about 125 ft of head, and 
a glandless circulating pump with 60% to 80% efficiency (Wilo 2009) can be used to circulate 
fluid in the systems. In this study, 70% efficiency circulating pumps were analyzed for both heated 
pavement systems. 
The models of three approaches are demonstrated in Figure 8 (a), (b), and (c) in 
respectively. The heating energy of geothermal heated pavement system is extracted from the 
ground by applying electrically geothermal heat pumps. Based on geothermal heat pumps key 
product criteria, the coefficient of performance (COP) of an efficient direct geo-exchange heat 
pumps is 3.6 (Energy Star 2012). However, geothermal heat pump coefficient of performance is 
highly depended on the sufficiency of geothermal energy of the location. It has been studied that 
COP can be as low as 2.4 (The Canadian Renewable Energy Network 2002). In this study, a low 
and high COP of ground source heat pump was analyzed to understand the behaviors of HHPS-G 
under different geothermal situations.    
Hydronic heated pavement system applications can be classified by different energy 
sources. Electric water heater and natural gas boiler for heating in HHPS are analyzed respectively. 
Typical water heaters in the U.S. are electric resistance or atmospheric natural gas tank water 
heaters.  Electric water heaters typically have efficiency of about 90%, while natural gas boiler 
will be rated about 60% (American Council for an Energy-Efficient Economy 2012). A heat 
exchanger is required in the HHPS-E and HHPS-NG, because propylene glycol is used as 
antifreeze to prevent heat transfer medium freezing, and propylene glycol solution cannot be 
directly heated by the furnace. Therefore, the HHPS can be divided into two subsystems, a water-
heating system and a pavement-heating system.  The water-heating system uses a natural gas 
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furnace to heat up water and circulates heated water through a 70% efficiency heat exchanger using 
a circulating pump. 40% by volume of propylene glycol solution extracts heat from the water 
heating system through the heat exchanger and it is circulated under the concrete slab surface by 
the circulating pump to heat the pavement surface.     
 
(a) 
 
 
 
(b) 
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(c) 
 
Figure 8. Airport gate area snow removal system models: (a) geothermal heated pavement 
system, (b) hydronic heated pavement system with electric water heater, (c) hydronic 
heated pavement system with natural gas boiler.   
 
 As Figure 8 presents, electricity and natural gas are two main energies used to operate 
system in melting snow. Based on U.S. Energy Information Administration, commercial electricity 
price by the end of December 2014 is 0.1 $/kWh and natural gas price is 8.52 $/1000 ft3, and 
operating costs of different systems could be understood by multiplying the energy consumption. 
Three kinds of fossil fuel power plants were assessed to understand the GHG emissions from 
power plant supported by different energy sources.  
 
Analysis equations 
In order to understand the heat (qo) required for melting snow by using a heated 
pavement system, the following Equation (1) was can be applied ( Chapman 1952): 
( )qo qs qm Ar qe qh= + + +                                                                                                            (1) 
 in which, qs = sensible heat transferred to the snow (Btu/h∙ft2), qm = heat of fusion (Btu/h∙ft2), 
Ar = ratio of snow-free area to total area (dimensionless), qe = heat of evaporation (Btu/h∙ft2), qh 
= heat transfer by convection and (Btu/h∙ft2). 
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To calculate the energy demand for circulating pump, the following equation for required 
water horsepower (WHP) in HP was applied:  
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑄𝑄×𝐻𝐻×𝑆𝑆𝑆𝑆
3960×𝑛𝑛                                                                                                                                   (2) 
in which, WHP = water horsepower (HP), Q = flow rate (gpm), H = total head (ft), SG = specific 
gravity of heated solution (1 of water and 1.034 of 40% propylene glycol), n = pump efficiency 
(%). 
Energy consumption (E) in kWh of geothermal heat pump is calculated by the equation 
shown below: 
E = 𝑞𝑞𝑞𝑞
𝐶𝐶𝐶𝐶𝐶𝐶
                                                                                                                                          (3) 
where E = electric energy requirement (kW), qo = heat required to  melt snow (kW), COP = 
coefficient of performance. 
 
Analysis Results 
Energy consumption of system operation  
0.5 in/h, 0.75 in/h, 1 in/h, 1.5 in/h and 2 in/h of different snow rate conditions can be 
calculated using Equations (1). The resulting energy requirements for snow melting under different 
snow rates are therefore 161 Btu/h∙ft2, 180 Btu/h∙ft2, 207 Btu/h∙ft2, 250 Btu/h∙ft2 and 301 Btu/h∙ft2 
by applying 20% back and edge heat losses (ASHRAE 2003).  
Applying values of circulating solution flow rate and total head drop, 591 gpm and 125 ft 
of head, energy requirement for a circulating pump is about 19 hp by using Equation 2.  
Based on the assumptions and energy balance under the system boundaries, total energy 
consumptions of operating different heated pavement systems for different snow rate conditions 
are shown in Table 6.  
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Table 6. Total energy consumption of HHPS-G and HHPS (kWh/h) for different snow rate 
conditions 
Snow removal System Snow Rate (in/h) 
Total Energy Consumption (kWh/h) 
Coefficient of Performance 
2.4 3.6 
Geothermal Heated 
Pavement System 
2.00 717 486 
1.50 599 407 
1.00 501 342 
0.75 438 300 
0.50 393 270 
Hydronic Heated 
Pavement System with 
Electric Water Heater 
2.00 2,709 
2,256 
1,880 
1,638 
1,465 
1.50 
1.00 
0.75 
0.50 
Hydronic Heated 
Pavement System with 
Natural Gas Boiler 
2.00 4,040 
3,360 
2,796 
2,434 
2,175 
1.50 
1.00 
0.75 
0.50 
Note. 1Minimum Coefficient of Performance (COP) = 2.4, 2Maximim COP = 3.6  
 
 
 As Table 6 demonstrates, more energy is required for geothermal heat pump operation 
under high snow rate or low COP condition. Geothermal heat pump COP is highly related to soil 
conditions and the heat pump appliance, so ground-heating conditions should be evaluated 
before applying HHPS-G. Although COP of HHPS-G can be as low as 2.4, it still requires much 
less energy to keep apron area snow free under same snow rate compared to HHPS. Because 
electric water heater has a higher efficiency for water heating, less energy is required for HHPS-
E operation than HHPS-NG operation.   
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Greenhouse gas emission from system operation 
Emission factor analysis  
Three different types of fossil fuel power plants are considered: coal, natural gas and 
distillate oil. The phases of coal-fired power plant life cycle include coal mining, coal 
preparation/cleaning, all necessary transportation of coal to the power plant, and grid electricity 
production. GHG emissions of the different life phases of a coal power plant are shown in Table 
7. 
Table 7. GHG emission factor of coal-fired power plant 
Life Cycles of Coal Power Plant GHG Emission Factor (kgCO2eq/kWh) 
Percentage 
(%) 
Surface mining1 0.013 1.35 
Coal washing2 1.1×10-4 0.01 
Coal transportation3 0.01 1.04 
Grid electricity production4 0.94 97.9 
Whole life cycle 0.96 100 
Note: 1Illinois No. 6 coal as an example; electricity demand: 0.0143 kWh/kg of coal; diesel oil demand: 269 
m3/MMT of coal; transportation of diesel oil GHG emission: 2.7 kgCO2eq/L; 0.54 kg coal/kWh electricity produced 
(Spath et al 1999) (CDM-Executive Board 2001) (EIA 2014). 
2Jig washing is the technique used in this LCA (Spath 1999). 
3Distance from mining to power plant: 48 km; GHG emission: 0.01 kgCO2eq/t·km (Chen et al 2013). 
4Data from US Energy Information Administration EIA-1605 is used (EIA 2007). 
 
Natural gas-fired power plant life cycle includes natural gas extraction, natural gas 
pretreatment and transportation, and grid electricity production (NETL 2000). GHG emissions of 
different life cycle phases of natural gas-fired power plant are shown in Table 2. 
Since the fuel-fired power plant GHG emissions factor is highly site-specific, a reasonable 
value based on a previous study of 0.778 kgCO2eq/kWh was assumed (Gagnon et al 2002). To 
confirm the applicability and use of this factor, it was compared with the US Energy Information 
Administration (EIA) database (EIA 2014). 
In conclusion, a coal (bituminous) fired power plant has a GHG emission factor of 0.96 
kgCO2eq/kWh, a natural gas-fired power plant has a GHG emission factor of 0.42 kgCO2eq/kWh, 
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and a distillate oil (No.2) power plant has a GHG emission factor of 0.778 kgCO2eq/kWh. Based 
on the information provided by U.S. Energy Information Administration (EIA 2014), among these 
three types of power plant, 58% utilize coal as energy source, 40% use natural gas, and only 2% 
use distillate oil to generate electricity (EIA 2014). 
Natural gas combustion emission factor is 0.181 kgCO2eq/kWh (EIA 2014), and natural 
gas facility has an emission factor of 0.004 kgCO2eq/kWh for natural gas production which is 
shown in Table 3. So the total emission factor of natural boiler operation is 0.185 kgCO2eq/kWh. 
 
System operation  
Energy source used for operating HHPS-G is electricity and GHG emissions from the 
system are released from the power generation facility as Figure 6 shows. Thus, the sum of the 
GHG releases from the energy production phase has been calculated as the total GHG emissions 
from HHPS-G life cycle, which is shown in Figure 7.  
Heating source of HHPS-E is supplied by electric water heater, and HHPS-NG is using 
natural gas boiler for heating. For HHPS-E operation life cycle, electricity is used for water heating 
and solution circulating pump energy supply. Similar to the GHG emissions from HHPS-G life 
cycle, there is no GHG directly released from system operation. Thus, the sum of the GHG releases 
from the energy production phase has been calculated as the total GHG emissions from HHPS 
with electric water heater. For HHPS-NG operation life cycle, GHG releases from both power 
plant where electricity is generated and natural gas combustion inside boiler system.  So, GHG is 
released from both energy production phase and operation phase of HHPS-NG operation life cycle.  
Based on various energy source power plant and different weather conditions, the GHG emissions 
of HHPS-G and HHPS airport gate area snow removal applications are shown in Table 8.   
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Table 8. GHG emissions from HHPS-G, HHPS-E, and HHPS-NG (kgCO2/h) of different 
energy sources under different snow rate conditions 
Snow removal 
System 
Snow 
Rate 
(in/h) 
GHG Emissions 
(Coal Power 
Plant kgCO2/h) 
GHG Emissions 
(Natural Gas 
Power Plant 
kgCO2/h) 
GHG Emissions 
(Distillate Oil Power 
Plant kgCO2/h) 
Coefficient of Performance 
2.4 3.6 2.4 3.6 2.4 3.6 
Geothermal 
Heated Pavement 
System 
2 690 467 303 205 558 378 
1.5 576 392 253 172 466 317 
1 482 329 211 144 390 266 
0.75 421 288 185 127 341 233 
0.5 378 260 166 114 306 210 
Hydronic Heated 
Pavement System 
with Electric 
Water Heater 
2 2,598 1,140 2,100 
1.5 2,162 949 1,748 
1 1,800 790 1,455 
0.75 1,568 688 1,267 
0.5 1,402 615 1,133 
Hydronic Heated 
Pavement System 
with Natural Gas 
Boiler 
2 777 757 771 
1.5 651 631 644 
1 547 526 540 
0.75 479 459 472 
0.5 431 411 424 
Note. 1Minimum Coefficient of Performance (COP) = 2.4, 2Maximim COP = 3.6  
 
Table 8 demonstrates that during the increasing of snow rate, more GHG is released from 
the operation of heated pavement system. Because different energy sources has different emission 
factors, amount three kinds of fossil fuel power plant, system operation utilized natural gas power 
plant for electricity support has lower GHG emissions than using the electricity generated from 
both coal and oil power plant. 
HHPS-G has lower GHG emissions than HHPS-E and HHPS-NG for lowest and highest 
COP conditions in this study. Between HHPS-E and HHPS-NG, HHPS-NG has much lower GHG 
emissions.  
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Operating cost  
Since the goal of this study is to understand the performance of heated pavement systems 
applied in airport gate area in removing snow and to help airport owners or operators study 
different what-if scenarios and to identify airport pavement locations where one or both the 
systems would have the highest/least environmental impact and operation cost, the system 
boundaries for both HHPS-G and HHPS in this study include the energy production phase and 
operation phase. Also according to the lack of practical data and the variety of design approaches, 
the only difference between the economic behaviors of both heated pavement systems is assumed 
to be energy cost.  
Based on Energy Information Administration (EIA), 2014 Iowa commercial electricity 
prize is 0.105 $/kWh (EIA 2014), and natural gas price is about 0.0167$/kWh (EIA 2014). By 
using TEA to estimate the operating costs of HHPS-G and HHPS with electric water heater and 
HHPS with natural gas boiler in removing snow under same snow rate conditions, both HHPS-G 
and HHPS cost analysis are shown in Table 9. 
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Table 9. Operating cost of HHPS-G and HHPS 
Snow removal System Snow Rate (in/h) Operating Cost ($/h) 
  Coefficient of Performance 
  2.4 3.6 
Geothermal Heated Pavement 
System 
2 75 51 
1.5 63 43 
1 53 36 
0.75 46 31 
0.5 41 28 
Hydronic Heated Pavement 
System with Electric Water 
Heater 
2 283 
1.5 236 
1 196 
0.75 171 
0.5 153 
Hydronic Heated Pavement 
System with Natural Gas Boiler 
2 67 
1.5 56 
1 47 
0.75 40 
0.5 36 
Note. 1Minimum Coefficient of Performance (COP) = 2.4, 2Maximim COP = 3.6  
 
Discussions 
Three alternative heated pavement system operations in airport apron have been analyzed 
to evaluate the sustainability of such systems. As the analyses for different snow removal system 
operations demonstrate, several different factors such as snow rates and system efficiencies could 
affect the sustainability of system operations, and these factors vary among the three types of 
system operations. Energy consumption, GHG emissions have been compared to estimate which 
system for removing snow is most sustainable based on the system boundaries and models in this 
study. Figure 9 below describes the impact of snow rate on energy consumptions, GHG emissions 
and operating cost of both heated pavement systems. When ambient temperature and wind speed 
are stable, more energy is required for heated pavement system operations to keep the airport apron 
out of snow during the increasing of snow rate.  
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According to the differences of various energy based power plant emission factors. 
Electricity generated from a natural gas power plant has the least GHG emission factor among 
three kinds of energy source power plant, which is demonstrated in Table 8. In Figure 9, total GHG 
emissions from both heated pavement systems are multiplied by different power plant ratio. Since 
GHG emissions and operating cost are determined by energy consumptions, there would be more 
GHG emissions and higher operating cost while energy consumptions increase. That is why more 
GHG will be released and higher cost needs to be paid during snow rate increases as Figure 9 (b) 
and (c) show.  
 
(a)  
 
(b)  
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(c)  
 
Note. COP is coefficient of performance 
Figure 9. (a) Energy consumptions, (b) GHG emissions and (c) energy cost of HHPS-G and 
HHPS with electric water heater and HHPS with natural gas boiler under 5 different snow 
fall conditions. 
Since GSHP has a higher coefficient of performance than the efficiency of electric water 
heater or natural gas boiler, using GSHP as energy source can save a lot of energy in snow removal. 
Applied in the same area of apron under same climate condition, HHPS-G requires about 10 times 
less energy than HHPS with electric water heater and 6 times less than HHPS with natural gas 
boiler under different snow rate conditions. Also HHPS-G generates less GHG compared to HHPS 
according to the low energy consumption. As Figure 8 demonstrates, HHPS-G has a lower energy 
demand, GHG emissions and operating cost than HHPS.  
Because heating system efficiency has a significant impact on energy requirement, and 
natural gas boiler has a relatively lower efficiency compared to electric water heater, HHPS with 
natural gas boiler requires more energy input to melt same amount of snow.  As Figure 10 shows, 
although HHPS with natural gas boiler has a highest energy requirement, its GHG emission is 
about 3 times less than HHPS with electric water heater. Also, since the price of natural gas is 
about 3 times less than electricity, the operating cost of HHPS with natural gas boiler is about 2 
times lower than the cost of HHPS with electric water heater.  
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Figure 10. Energy requirements and GHG emissions of HHPS-G and HHPS with electric 
water heater and HHPS with natural gas boiler for different snow rate conditions. 
 
Although HHPS-G has much less energy consumptions, GHG emissions and operating 
cost compared to the HHPS, it is highly depended on the location where there is sufficient 
geothermal energy supply. As the Figure 9 (c) shows, HHPS-G with 2.4 COP has a higher 
operation cost than HHPS with natural gas boiler. According to the low GHG emissions and 
operating cost of natural gas boiler, HHPS could be a low environmental impact as an alternative 
of HHPS-G. However, it requires much more energy than HHPS-G. Instead of using the natural 
gas boiler, natural gas furnace which has a higher efficiency has been used in many applications. 
Therefore, HHPS with natural gas furnace could have a potential to be a low energy consumption 
and low environmental impact system for snow removal.   
 
Conclusion and Recommendations 
Heated pavement systems is able to solve the ineffective apron snow removal problems 
caused by traditional snow removal strategy. With the specific goal of carrying out a comparative 
assessment of the energy requirement, GHG emissions, and operating cost of three different 
hydronic heated pavement systems, HHPS-G, HHPS-E, and HHPS-NG, several simplifying 
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assumptions were made due to lack of publically available data. The overall findings (pertaining 
to the scope and specific assumptions made in this study) and future recommendations are 
summarized below.  
Findings 
• HHPS-G with a coefficient of performance (COP) as low as 2.4 still results in less energy 
consumption, fewer GHG emissions, and lower operation costs than other two types of 
hydronic heated pavement systems under the same snow rate conditions.  
• Snow rate determines energy requirement, GHG emissions and operating costs of HHPS-
G and HHPS. While the snow rate is higher, the heated pavement systems require more 
energy which causes more GHG emissions and higher operating cost.  
• Energy source determines GHG emission. Although HHPS-NG operation requires more 
energy, it has lower global warming potentials and operation cost than HHPS-E operation 
for different snow rate conditions. From an environmental impact perspective, using 
natural gas for water heating, with a relatively low emission factor, has the potential to 
replace electricity as a more environmentally friendly energy source. 
• If the efficiency of natural gas boiler energy extraction is improved, hydronic heated 
pavement system using natural gas boiler could reduce energy requirement, GHG 
emissions and save more costs. HHPS-NG can have a better viability from the 
environmental and economic perspectives, and it can be a better alternative for place where 
there is not enough geothermal energy. 
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Recommendations  
• The entire life cycle of a heated pavement system, including construction and maintenance 
stages and a more comprehensive life cycle of traditional snow removal systems, could be 
assessed to provide more informed information. 
• The system equipment sizing and choice of energy source can be critical in enabling 
geothermal heated pavement systems and hydronic heated pavement systems more 
environmental friendly.  
• Traditional snow removal approaches and other types of heated pavement system, like 
using electrically heated pavement system for apron snow removal instead of using 
hydronic heated pavement system, can be studied. 
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CHAPTER 5- LIFE CYCLE ASSESSMENT OF HEATED APRON PAVEMENT 
SYSTEM OPERATION 
A paper to be submitted for presentation on 2016 Transportation Research Board (TRB) 95th 
Annual Meeting and publication in Transportation Research Record: Journal of the TRB    
Weibin Shen1*, Halil Ceylan*, Kasthurirangan Gopalakrishnan*, Sunghwan Kim*, Peter C. 
Taylor*, and Chris Robert Rehmann* 
Abstract 
Although snow removing efficiency and economic benefits of heated pavement systems 
(HPS) have been assessed by previous studies, their environmental impact is not well known. 
Airport facilities offering public or private services need to evaluate the energy consumption and 
global warming potential of different types of snow and ice removal systems. The operations of 
hydronic heated pavement system using geothermal energy, hydronic heated pavement system 
using natural gas furnace, electrically heated pavement system, and traditional snow removal 
system (TSRS) are estimated and compared in this study using the hybrid life cycle assessment  
methodology. Based on the system models assessed in this study, HPS application in the apron 
area seems to be a viable option from an energy or environmental perspective to achieve ice/snow 
free pavement surfaces without using mechanical or chemical methods. TSRS methods typically 
require a higher energy demand and they produce more greenhouse gas (GHG) emissions 
compared to HPS during the operation phase, under the conditions and assumptions considered in 
this study. Also, heated pavement system operations require less energy and have less GHG 
emissions during a snow event with a small snow rate and a long snow period. 
 
1 Primary researcher and author 
* Department of Civil, Construction, and Environmental Engineering, Iowa State University, 
Ames, IA, 50010 
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Introduction 
Typical mechanical equipment for snow and ice removal are usually designed for large 
areas, like runway, in order to increase efficiency. However, it makes the equipment difficult to 
operate in a narrow space like the airport apron. Although smaller snow and ice removal machines 
can be used instead to remove snow and ice in apron areas, they are not as efficient as the big 
equipment used in runway and require more labors and time. All these issues on traditional snow 
and ice removal methods could cause airline delay problems, high operation costs and airport crew 
accident happening during snow and ice removal activities. In order to prevent these problems, 
heated pavement systems are being studied as the alternative strategy to traditional snow and ice 
removal system applied in apron areas (Ceylan 2015). The study recently reported by Shen et al. 
(Shen et al 2015) suggested hydronic heated pavement system, as one type of heated pavement 
systems, could have sustainable benefits to be used for apron snow and ice removal applications.   
The primary goal of this study is to provide a more comprehensive understanding of 
different snow and ice removal system operation not only from an energy consumption perspective 
but also from an environmental impact aspect, and to help the airport snow and ice removal system 
user make a more informed decision. The secondary goal is to find out the inventories or steps 
which contribute the most burdens for each snow and ice removal system operation in order to 
provide guidance to minimize system energy usage and environmental impacts. Energy 
consumption and global warming potential effects of four different kinds of snow and ice removal 
systems applied in airport apron to remove same amount of snow under different snow fall 
conditions are evaluated and compared to achieve the goals. These systems are hydronic heated 
pavement system using geothermal energy (HHPS-G), hydronic heated pavement system using 
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natural gas furnace (HHPS-NG), electrically heated pavement system (EHPS), and traditional 
snow and ice removal system (TSRS).  
As the very first life cycle assessment (LCA) study on different types of heated pavement 
system application as alternative apron snow and ice removal strategy, this study gives a general 
overview of the life cycle phases in different apron snow and ice removal strategies. Since heated 
pavement systems are relatively new technologies for airport snow and ice removal application, 
the detailed information related to its construction and maintenance (frequency, energy 
consumption, etc.) that are required to conduct a full-fledged LCA study are not available (Shen 
et al 2015). Therefore, the scope of this study is only to focus on the impacts of snow and ice 
removal operation phase and related life cycle stages.   
For the sake of simplicity, system boundaries of four different snow and ice removal 
systems only include sectors which are defined as processes of snow and ice removal operation. 
Snow and ice removal system can be generally classified into four sub-system processes: power 
generation, material production, snow and ice removal application, and waste treatment. 
Therefore, the operation system boundary in this study includes these four sectors. A “well to gate” 
assessment for power generation facility was applied to understand the greenhouse gas (GHG) 
emission from power production phase. The product upstream has a relative large ratio of impact 
in a product life cycle. An economic input-output life cycle assessment (EIO-LCA) on-line model 
was applied in material production stage, and its system boundary was defined in the 2002 US 
Benchmark version of the EIO LCA model (Weber et al 2015). 
Life cycle inventories are significantly related to the system boundary (SAIC 2006). 
Because this study is to evaluate the energy consumption and global warming potential of different 
airport apron snow and ice removal system operations, inventories that contribute efforts (e.g., 
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increasing thermal conductivity or preventing heat lost) to snow and ice removal and their 
upstream stage life cycle (e.g., raw material extraction) are assessed. Life cycle inventories of the 
systems for snow removing were collected through previous studies, government official 
documents or company manual scripts and defined in following sections. 
       
Methodology 
Types of heated pavement systems  
Hydronic heated pavement systems generally use fossil-fuel heaters, like natural gas water 
boilers/furnaces or electric water heaters, as energy sources for warming up the propylene glycol 
solution usually used as a heat-transfer medium, and circulating it inside a cross-linked 
polyethylene (PEX) tube under the pavement (FAA 2011).   
Generally speaking, a natural gas boiler has an efficiency of 60% and an electric water 
heater has an efficiency of 90% (ACEEE 2015). However, systems utilizing natural gas 
combustion for heating could be more sustainable than systems using electricity, because natural 
gas combustion has a much lower greenhouse gas emission factor than electricity generation does. 
Natural gas furnaces are also considered to have higher efficiencies than traditional gas boilers 
(Energy. Gov 2015). From the aspect of sustainability, a natural gas furnace was evaluated as the 
heating source for HHPS-NG in this study. 
New technology can be innovative in combination with using renewable energy to reduce 
energy cost and environmental impact. Geothermal power is one of the sustainable energy 
technologies commonly used for electricity generation, and it was also evaluated in a previous 
study as a heating source for hydronic heated pavement system for bridge snow-melting 
applications (Xie and Whiteley 2007). 
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The difference between HHPS-G and normal HHPS is that HHPS-G does not utilize fossil 
fuels or electricity for heating but instead uses a ground-source heat pump (GSHP) to extract 
geothermal energy to warm up a hot solution and circulate it through embedded pipes in the 
pavement using a circulating pump to heat up the pavement and melt the ice. GSHP can also supply 
space heating by accessing heat in the soil (Kreith and Goswami 2008). It is commonly applied in 
regions without access to high temperature geothermal resources. GSHP takes the heat absorbed 
in the land from solar energy using a ground heat exchanger. There are three types of ground heat 
exchanger systems, a direct exchange geothermal system, a closed loop geothermal system, and 
an open loop geothermal system. Considering the relatively lower efficiency, longer and larger 
pipe requirements and high construction cost of both closed-loop and open-loop systems 
(MNGHPA 2009), this study focuses on use of direct exchange based HHPS-G. The direct-
exchange system uses a single loop to circulate fluid in contact with the ground to directly extract 
or dissipate heat.   
In contrast to HHPS-G and HHPS-NG using heated solution as a heat-transfer media, an 
electronically heated pavement system (EHPS) utilizes electric radiant heat from heated 
wires/panels to directly warm up the concrete pavement surface (FAA 2011). Another difference 
of EHPS is that, rather than using buried PEX tubes in the concrete, polyacrylonitrile (PAN) based 
carbon fiber is added during the Portland cement concrete mixing process to transform the normal 
concrete into conductive concrete (Hymers 1980). Conductive concrete pavement is designed for 
increasing electrical conductivity of the slab to reduce energy consumption. 
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LCA for apron snow removal systems 
As a technique for assessing the environmental and potential impacts associated with a 
product, process, or system, LCA can compile an inventory of input and output and evaluate their 
potential impact to help the designer or user make a more informed decision (EPA 2014). A hybrid 
LCA, including both a process-based LCA and an IO-LCA, can be adopted to analyze and compare 
4 different types of snow-removal systems. A process-based LCA provides detailed information 
with respect to the assessment of specific processes and is considered an effective methodology 
for system/product comparisons (Melissa 2007). IO-LCA utilizes economic transactions for a 
particular product to trace out the energy requirements and environmental impacts of its 
production. According to ISO (International Organization for Standardization), a LCA is divided 
into four phases: goal and scope definition, inventory analysis, impact assessment, and 
interpretation (ISO 14040 1997).   
In this study, four different snow-removal systems, HHPS-G, HHPS-NG, EHPS and TSRS, 
are individually analyzed. Each system is designed for a short to medium range airliner apron area 
of 19,000 ft2 (Aircraft Technical Data & Specifications 2015). The systems are analyzed at 20°F 
air temperature, 10 mile per hour (mph) wind speed, and under 0.5 in/h, 0.75 in/h, 1 in/h, 1.5 in/h 
and 2 in/h snowfall rate conditions. Based on the lifetime of general concrete pavement, heated 
pavement systems are assumed to be designed for a 20-year life (CTC & Associates LLC WisDOT 
RD&T Program 2004). Modelling equations utilized in the analysis are firstly summarized in the 
following subsection for further discussions. 
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Modelling equations 
Pavement idling energy consumption  
In this study, a heated pavement surface must heat up to 32°F, and the energy 
consumption (qi) is given by a pavement idling equation:  
i
Cq
t
⋅∆Τ⋅Μ 
=                                                                                                                               (1) 
in which qi = heat required for concrete pavement idling (Btu/h), C = specific heat of concrete 
pavement (Btu/lb·°F), ΔT = temperature difference (°F), M = mass of concrete pavement (lb), t = 
snow period (h).  
 
Snow melting energy consumption  
After concrete slab surface is heated to 32°F, heated pavement systems utilize heat to 
melt snow, in order to understand the heat (qo) required for melting snow by using heated 
pavement system, the following Equation 2 was applied (Chapman 1952): 
( )o s m r e hq q q A q q= + + +                                                                                                                 (2) 
 in which, qo = heat required in melting snow (Btu/h∙ft2), qs = sensible heat transferred to the 
snow (Btu/h∙ft2), qm = heat of fusion (Btu/h∙ft2), Ar = ratio of snow-free area to total area 
(dimensionless), qe = heat of evaporation (Btu/h∙ft2), qh = heat transfer by convection and 
(Btu/h∙ft2). 
The sensible heat (qs) to bring the snow to 32°F is: 
, , 1[ ( )] ( )] /s p ice s a p water f sq s D c t t c t t c= ⋅ ⋅ − + −                                                                                  (3) 
where, s = rate of snowfall (inches of water equivalent per hour), D = density of water equivalent 
of snow (62.4 lb/ft3), cp,ice = specific heat of snow (0.5 Btu/lb/°F), cp,water = specific heat of water 
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(1 Btu/lb/°F), ts = melting temperature (32°F), tf = liquid film temperature (33°F), ta = ambient 
temperature (20°F), and c1 = conversion factor (12 in/ft). 
The heat of fusion (qm) to melt the snow is:  
1/m fq s h D c= ⋅ ⋅                                                                                                                             (4) 
where, hf = heat of fusion for water (143.3 Btu/lb) 
The heat of evaporation (qe) is: 
_ ( )e dry air m f a fgq P h W W h= ⋅ −                                                                                                          (5) 
where, Pdry_air = density of dry air (14.7 lb/ft3), hm = mass transfer coefficient of concrete slab (1.7 
ft/h), Wf = humidity ratio of saturated air at film surface temperature at 33°F (0.003947 lbvapor/lbair), 
Wa = humidity ratio of ambient air at 20°F (lbvapor/lbair), and hfg = heat of evaporation at the film 
temperature at 33°F (1074.64 Btu/lb). 
The heat of fusion (q m) to melt the snow is: 
4 4( ) ( )h c f a s f MRq h t t T T= − + δ⋅ε −                                                                                                   (6) 
where, hc = convection heat transfer coefficient for turbulent flow (2.85 Btu/h∙ft2∙°F), δ = Stephan-
Boltzmann constant (0.17×10-8 Btu/h∙ft2∙°R4), εs = emittance of wet slab (0.9), Tf = liquid film 
temperature (492.67°R), TMR = mean radiant temperature of surroundings (479.67°R). 
 
Geothermal heat pump operating energy demand  
Energy consumption (E) in MJ/h of geothermal heat pump is calculated by the Equation 
7, the equation shown below (Mix 2006): 
 tQE
COP
=                                                                                                                                     (7) 
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where, E = electric energy requirement (MJ/h), Qt = total heat required for pavement idling and   
snow melting (MJ/h), COP = coefficient of performance. 
 
Hydronic system flow rate  
Flow rate calculation is based on the equation below Equation 8 (Viega 2015): 
0 (1 )qQ M
Cp T
= ⋅ +
⋅∆
                                                                                                                  (8) 
where, Q = flow rate (gpm), qo = heat required to  melt snow (Btu/h), Cp = heat capacity of water 
(8.3 Btu/gallon∙°F), ΔT = temperature drop (°F), M = flow rate increase multiplier (8.5% for 40% 
by volume glycol mixture) 
 
Circulating pump operating energy demand  
To calculate the energy demand for circulating pump, the following Equation 9 for 
required water horsepower (WHP) in HP was applied (Viega 2015):  
3960
Q H SGWHP
n
⋅ ⋅
=
⋅
                                                                                                                       (9) 
in which, WHP = water horsepower (HP), Q = flow rate (gpm), H = total head (ft), SG = specific 
gravity of heated solution (1 of water and 1.034 of 40% propylene glycol), n = pump efficiency 
(%). 
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Case 1: Operation of Hydronic Heated Pavement System Using Geothermal Energy 
HHPS-G operation system boundary 
HHPS-G utilizes geothermal energy as a heating source to warm up antifreeze solution 
circulating under the pavement in order to keep the concrete slab surface without snow. Based on 
the methodology, the HHPS-G operation life cycle can be divided into 4 sub-life cycles, which are 
power-generation life cycle, a snow-removal operation life cycle, a material-production life cycle 
(antifreeze and insulation layer production life cycle), and an antifreeze-wastewater treatment life 
cycle. The HHPS-G operation flow chart and system boundary of the HHPS-G operation life cycle 
is shown in Figure 11 below. 
(a) 
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(b) 
 
Figure 11. (a) HHPS-G operation flow chart; (b) System boundary of HHPS-G operation 
 
HHPS-G operation model 
A HHPS-G uses a direct exchange ground source heat pump (GSHP) to extract geothermal 
energy from the ground to warm hot solution flowing through embedded pipes in the pavement in 
order to heat up the pavement and melt the ice. Energy required for snow melting is calculated by 
applying equations (1) to (6). Based on geothermal heat pumps key product criteria, the coefficient 
of performance (COP) of a direct ground exchange heat pump can be as high as 3.6 (Energy Star 
2015). To understand the behavior of HHPS-G applied in different geothermal conditions, the COP 
of geothermal heat pump is assumed to be 2, 2.5, 3 and 3.6 in this study. Energy consumption of 
heat pump can be calculated by coordinating with Eequation (7).  
System design is based on the energy requirement for snow melting (Viega 2015). The 
heaviest snow fall in this study is 2 in/h, therefore, systems at least need to be feasibly operational 
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under 2 in/h snow rate conditions. Based on the operational energy requirement for snow melting 
under 2 in/h snow rate, PEX pipe spacing in concrete is assumed to be 9 inches in order to support 
enough energy. Tubing length has a multiplier of 1.5 ft/ft2, therefore so 28,500 ft of PEX tube is 
required to be installed under a 19,000 ft2 apron area. Piping circuit length is designed to be 400 ft 
and a total of 71 circuits are is required. HHPS-G circulates 40% by volume of propylene glycol 
solution in ¾ inch cross-linked polyethylene (PEX) pipe. Dependent on the design for 2 in/h snow 
rate condition, the solution circulating flow rate is can be calculated through using equation (8) to 
obtain and a flow rate is of 6.9 gallons per minute (gpm). Thus, the total flow rate is 493 gpm and 
the total pressure drop is about 125 ft of head.  A glandless circulating pump with 50% to 70% 
efficiency (Wilo 2013) can be used, and so 60% efficiency circulating pumps are applied in the 
systems in this situation.  
Because 40% by volume of propylene glycol solution has a very similar density to water, 
the unit volume of solution in ¾ inch pipe is about 0.018 gal/ft, and a total of 513 gallon of solution 
is required for HHPS-G operation. The price of propylene glycol is about 1.6 $/kg, so by using IO-
LCA software GREET, the energy to produce 1 kg propylene glycol requires is 27.57 kWh energy 
and will release 6.46 kgCO2eq. The solution needs to must be checked and replaced every year 
(Raypak, Inc 2015), and the waste solution can be discharged and treated in a municipal 
wastewater treatment plant.  
A Polyiso insulation layer is installed on the bottom and edge of top 4 inches of the concrete 
slab to prevent heat loss, and the back and edge heat loss of the heated pavement systems is 
assumed to be 0% (Viega 2015). Based on the description of life cycle inventory assessment, a 1.5 
inch thick layer of Polyiso insulation with a 9.8 of thermal resistance RIP (US unit, using Inch-
Pound measures) was assumed to be used in the heated pavement system whose life time with a 
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lifetime is about which is the same as a that of normal concrete pavement life time. The life cycle 
of insulation layer manufacture has been studied, and its GHG emission factor is 0.39 kgCO2eq/ft2, 
with an energy consumption factor is of 8.66 MJ/ft2 (NSF International 2015). 
 
HHPS-G operation energy consumptions  
A heated-pavement system applies hydronic heat or radiant heat through conductive media 
to melt snow. To evaluate how much energy is needed to operate each heated pavement system, 
the energy requirement for concrete pavement idling and snow melting should first be analyzed. 
Because of the insulation installed in top 4 inches of concrete of each heated pavement system, 
zero back and edge losses were assumed. The top 4-inch concrete pavement is considered to be 
idled in this study. Normal concrete has a density of 150 lb/ft3 (Washington DOT 2015) and a 
specific heat of 0.2 Btu/lb·°F (Lamond and Pielert 2006). A heated-pavement system warms the 
slab surface to a certain temperature to melt snow. At 32°F, snow is able to melt with extra energy 
input, so the strategy of using a heated-pavement system idling operation in this study maintains a 
pavement surface temperature as 32°F.  
The energy consumption for different snow rate conditions, 0.5 in/h, 0.75 in/h, 1 in/h, 1.5 
in/h and 2 in/h, is calculated by using Equation (1) through (5). The resulting energy requirements 
for snow melting under different snow rates are therefore 134 Btu/h∙ft2, 153 Btu/h∙ft2, 173 
Btu/h∙ft2, 211 Btu/h∙ft2 and 251 Btu/h∙ft2. Based on Equation (1), to warm up 19,000 ft2 of slab 
surface from 20°F to 32°F requires 2405 MJ. The functional unit is time-based in this study, and 
allocating energy consumption of pavement idling depends on the snow periods, assumed to be 1 
h, 4h, 8 h, and 12 h.  
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The energy used for operating a geothermal heated pavement includes the energy used for 
geothermal heat pump and circulating pump operation, antifreeze solution production, insulation 
production, and solution waste treatment. Energy consumption of geothermal heat pumps with 
different coefficients of performance are calculated by applying Equation (7) with the results based 
on different snow rates shown in  Table 10 below.    
84 
 
 
Table 10. Energy consumptions of geothermal heat pump for different snow periods and 
rates 
Snow Period (h) Snow Rate (in/h) 
Energy Consumptions of Geothermal Heat Pump 
(MJ/h) 
Coefficient of Performance (COP) 
2 2.5 3 3.6 
1 
 
0.5 3,058 2,657 2,387 2,165 
0.75 3,219 2,786 2,497 2,256 
1 3,444 2,965 2,647 2,382 
1.5 3,797 3,247 2,883 2,578 
2 4,221 3,587 3,165 2,813 
4 
0.5 2,269 1,868 1,598 1,376 
0.75 2,430 1,997 1,708 1,467 
1 2,655 2,176 1,858 1,593 
1.5 3,008 2,458 2,094 1,789 
2 3,432 2,798 2,376 2,024 
8 
0.5 2,138 1,737 1,467 1,245 
0.75 2,299 1,866 1,577 1,336 
1 2,524 2,045 1,727 1,462 
1.5 2,877 2,327 1,963 1,658 
2 3,301 2,667 2,245 1,893 
12 
0.5 2,131 1,730 1,460 1,238 
0.75 2,292 1,859 1,570 1,329 
1 2,517 2,038 1,720 1,455 
1.5 2,870 2,320 1,956 1,651 
2 3,294 2,660 2,238 1,886 
Note. Equation (1) - (6) are used for energy consumption of geothermal heat pump calculation 
As the Table 10 demonstrates, more energy is required for geothermal heat pump operation 
under high snow rate or low COP condition. Geothermal heat pump COP is highly related to soil 
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conditions and the heat pump appliance, so ground-heating conditions should be evaluated before 
applying HHPS-G. Because some areas don’t have sufficient geothermal energy, HHPS-G requires 
relatively high energy consumption to support heating or else the system might not function. Table 
10 also shows that when the snow period is longer, energy consumption of the heated pavement 
system operations is less. 
Using Equation (8), the total flow rate of an HHPS-G system is calculated as 490 gpm and 
a 125 ft pressure drop is determined based on a Viega manual script. Since a 60% efficient 
horsepower circulating pump is selected, the energy circulating pump demand is calculated as 26 
hp using Equation (9).  
The area of the apron is assessed to be 19,000 ft2, and its length and width are 146 ft and 
130 ft, respectively. The back and the top 10-inch edge of the apron are covered by an insulation 
layer to prevent heat loss and save energy, and the total required insulation layer area is about 
19,184 ft2. As the HHPS-G model shows, the insulation layer production requires 8.66 MJ/ft2 of 
energy, so a total of 46,148 kW is consumed to produce 19,184 ft2 insulation layers. Because the 
insulating layer lifetime is assumed the same as the pavement design lifetime, i.e., 20 years, energy 
consumption per hour of insulation layer production allocated is about 0.94 MJ/h. 
As the HHPS-G operation model shows, 808 kg of antifreeze (propylene glycol) is used 
for one year. Since the functional unit in this study is per hour, inventories are converted into hour-
based values and the propylene glycol demand is 90 g/h. Input-output LCA is conducted in 
analyzing antifreeze production stage using software GREET (GREET 2013), and the energy 
required for producing 90 g/h of propylene glycol is 9 MJ/h.  
Propylene glycol has a COD content of about 1.68 kg/kg and the result must be allocated 
on an hourly basis. After the antifreeze is replaced, waste antifreeze solution with 0.15 kgCOD/h 
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is discharged and treated in a municipal wastewater treatment plant. In general, aerobic wastewater 
treatment energy requirement is 1 kWh/kgCOD (Geest and Kiechle 2010), so the energy 
consumption of antifreeze waste treatment is 0.54 MJ/h. In summary, the total energy consumption 
of HHPS-G operation under different snow rates and an average snow period of 6 h and total 
energy consumption of HHPS-G operation for different snow periods at average snow rates are 
shown in Figure 12 (a) and (b) below. 
 
(a) 
 
(b) 
 
Figure 12. (a) Energy consumptions of HHPS-G operation life cycle against snow rates with 
1 h snow period; (b) Energy consumptions of HHPS-G operation life cycle against snow 
rates 12 h snow period 
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 As the Figure 12 (a) demonstrates, the coefficient of performance determines the energy 
demand of the heat pump operation, and the geothermal heat pump operation contributes most of 
the energy consumption in a HHPS-G operation life cycle. When the ambient temperature and 
the wind speed do not change, energy demand increases with an increasing snow rate. Figure 12 
(b) shows the influence of the COP geothermal heat pump. 
 
HHPS-G operation GHG emissions 
GHG emission factors of electricity, natural gas and diesel oil 
Three different types of fossil fuel power plants are considered: coal, natural gas and 
distillate oil. The phases of coal-fired power plant life cycle include coal mining, coal 
preparation/cleaning, all necessary transportation of coal to the power plant, and grid electricity 
production. GHG emissions of the different life phases of a coal power plant are shown in Table 
7.  
A natural gas-fired power plant life cycle includes natural gas extraction, natural gas 
pretreatment and transportation, and grid electricity production (NGCC 2000). GHG emissions for 
different life cycle phases of a natural gas-fired power plant are shown in Table 2. 
Since the fuel-fired power plant GHG emissions factor is highly site-specific, a reasonable 
value based on a previous study of 0.778 kgCO2eq/kWh was assumed (Gagnon et al 2002). To 
confirm the applicability and use of this factor, it was compared with the US Energy Information 
Administration (EIA) database (EIA 2015). 
In conclusion, a coal (bituminous) fired power plant has a GHG emission factor of 0.96 
kgCO2eq/kWh, a natural gas-fired power plant has a GHG emission factor of 0.42 kgCO2eq/kWh, 
and a distillate oil (No.2) power plant has a GHG emission factor of 0.778 kgCO2eq/kWh. Based 
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on the information provided by U.S. Energy Information Administration (EIA 2015), among these 
three types of power plant, 58% utilize coal as energy source, 40% use natural gas, and only 2% 
use distillate oil to generate electricity. 
As Table 2 demonstrates, natural gas extraction, pretreatment, and transportation has a 
GHG emission factor of 4.4×10-3 kgCO2eq/kWh electricity, and producing 1kWh electricity 
required 7.86 ft3 natural gas (EIA 2015) whose heat value is about 1000 Btu/ft3 (Engineering Tool 
Box 2015). Thus, the natural gas production emission factor is 5.6×10-4 kgCO2eq/ft3. Based on 
IPCC, the GHG emission of natural gas combustion is 0.18 kgCO2eq/kWh. 
The GHG emission from diesel oil extraction and pretreatment is about 0.19 kgCO2eq/kWh 
(Shen et al 2014) and 0.27 kgCO2eq/kWh (Alternative Fuels Data Center 2014) from diesel oil 
combustion. To sum up, GHG emission factors of different fossil fuel applications are shown in 
Table 11 below. 
Table 11. GHG emission factors of electricity, natural gas and diesel oil 
Fossil Fuel Application Emission Factors Value (kgCO2eq/kWh) 
Electricity emission factor 
Coal power plant 0.96 
Natural gas power plant 0.42 
Distillate oil power plant 0.78 
Natural gas combustion emission factor1 0.18 
Diesel oil combustion emission factor2 0.46 
1Natural gas upstream and combustion stages are included 
2Diesel oil upstream and combustion stages are included 
 
GHG emission analysis 
A HHPS-G utilizes electricity to operate a geothermal heat pump and a circulating pump 
for extracting geothermal energy and circulating heated propylene glycol antifreeze solution, and 
their energy requirements are shown in Table 10 above. There is thus no direct GHG released 
from both pumping operations; the GHG emissions are actually from the energy production 
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stage. By applying GHG emission factors from different types of power plants and percentages 
of each power application in the US, GHG emissions from the electrical power production used 
for the operations of the geothermal heat pump and the circulating pump are shown in Table 12 
below. 
Table 12. GHG emissions from power generation (geothermal heat pump and circulating 
pump) for different snow periods and snow rates 
Snow period 
(h) 
Snow Rate 
(in/h) 
GHG Emissions (kgCO2eq/h) 
COP1 = 2.0 COP = 2.5 COP = 3.0 COP = 3.6 
1 
2.0 884 753 667 594 
1.5 797 683 608 545 
1.0 724 625 560 504 
0.75 677 588 529 478 
0.5 644 561 506 460 
4 
2.0 722 591 505 432 
1.5 635 521 446 383 
1.0 562 463 398 342 
0.75 515 426 367 316 
0.5 482 399 344 298 
8 
2.0 695 564 478 405 
1.5 608 494 419 356 
1.0 535 436 371 315 
0.75 488 399 340 289 
0.5 455 372 317 271 
12 
2.0 686 555 469 396 
1.5 599 485 410 347 
1.0 526 427 362 306 
0.75 479 390 331 280 
0.5 446 363 308 262 
1COP=coefficient of performance 
 
GHG emission factor of 1.5 inch thick insulation layer is about 0.39 kgCO2eq/ft2 (NSF 
International 2015). A total of 19,184 ft2 insulation layers are required and the total GHG released 
from insulation layer production is about 7,482 kgCO2eq.  Because the insulation lifetime is 
assumed to be 20 years, the GHG emission result is converted into an hour-based value of 0.043 
kgCO2eq/h.  
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40% by volume of propylene glycol antifreeze is used in HHPS-G, and the GHG emission 
factor of antifreeze production is 6.46 kgCO2eq/kg chemicals based on GREET (Sripple 2001). 
Converting the usage of propylene glycol to an hourly basis results in an hourly requirement of 
0.09 kg antifreeze per hour. Therefore, the total GHG emissions from antifreeze production are 
allocated as 0.6 kgCO2eq/h. 
Waste antifreeze is treated in a municipal wastewater treatment plant. Aerobic treatment is 
the fundamental process that consumes electricity; an air bubble diffuser is used to aerate 
wastewater. GHG emissions associated with the energy consumption of wastewater treatment are 
produced during the power generation stage. By applying the GHG emission factors from different 
types of power plants and percentages of each power application in the US, GHG emissions from 
the electrical power production used for wastewater treatment are found to be 0.1 kgCO2eq/h.  
Similar to the energy consumption behavior, HHPS-G operation GHG emissions depend 
on snow rate conditions and COP of the geothermal heat pump mainly based on the model and 
assumptions made in this study. In conclusion, taking a snow period of 12 h as an example, the 
total GHG emissions from HHPS-G operation are shown in Figure 13 (a) and (b) below. 
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(a) 
 
(b) 
 
Figure 13. (a) GHG emissions from HHPS-G operation life cycle against different snow 
rate with 1 h snow period; (b) GHG emissions from HHPS-G operation life cycle against 
different snow rate with 12 h snow period  
Compared with the energy consumption situation, GHG emissions follow a similar trend 
of energy demand for different snow rates as shown in Figure 12. It was found that GHG emissions 
from HHPS-G operation were determined by the energy. As Figure 13 demonstrates, the 
coefficient of performance determines the GHG emissions of the heat pump operation, and 
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geothermal heat pump operation contributes most of the GHG emissions in a HHPS-G operation 
life cycle. 
 
Case 2: Operation of Hydronic Heated Pavement System Using Natural Gas Furnace 
HHPS-NG operation system boundary 
Similarly to the HHPS-G operation LCA, the HHPS operation LCA includes both product 
LCA and process LCA. Based on the modeling and assumptions, the HHPS-NG operation life 
cycle can be divided into 4 sub-life cycles: the power generation life cycle, the snow-removal 
operation life cycle, the material-production life cycle (antifreeze and insulation layer production 
life cycle), and the antifreeze wastewater treatment life cycle. The only difference assumed 
between the HHPS and the HHPS-G is that the HHPS utilizes a fossil fuel heater as a heating 
source to warm up the antifreeze solution. The HHPS system boundary is similar to the boundary 
of the HHPS-G, and the HHPS operation flow chart and system boundary are shown in Figure 14.  
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(a) 
 
 
 
(b) 
 
Figure 14. (a) HHPS-NG operation flow chart; (b) System boundary of HHPS-NG 
operation 
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HHPS-NG operation model 
Studies have shown that a HHPS with a 60% efficient natural gas boiler has the potential 
to achieve fewer GHG emissions when the efficiency of the heating technique is improved 
(American Council for An Energy-Efficient Economy 2012). Thus, a natural-gas furnace with a 
90% efficiency, considered to have higher efficiency than a traditional gas boiler, is applied in the 
HHPS. A heat exchanger is required in the HHPS because propylene glycol is used as antifreeze 
to prevent heat transfer medium freezing, and propylene glycol solution cannot be directly heated 
by the furnace. Therefore, the HHPS can be divided into two subsystems, a water-heating system 
and a pavement-heating system.  The water-heating system uses a natural gas furnace to heat up 
water and circulates heated water through a 70% efficiency heat exchanger using a circulating 
pump. 40% by volume of propylene glycol solution extracts heat from the water heating system 
through the heat exchanger and it is circulated under the concrete slab surface by the circulating 
pump to heat the pavement surface. As demonstrated by the model and boundary of HHPS 
operation shown in Figure 14, the difference between the HHPS and the HHPS-G is that two 
circulating pumps and a heat exchanger are required in the HHPS, and there are direct GHG 
emissions at the snow-removal system stage. However, the system design of HHPS is generally 
similar to HHPS-G, according to the “Vigea Heated Pavement Design Manual Script” (Viega 
2015). Because the only difference of the HHPS-NG from the HHPS-G is its heating source, the 
piping design, circulating pump selection, insulation layer design, propylene glycol solution usage, 
and solution waste treatment will be the same as for the HHPS-G. 
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HHPS-NG operation energy consumptions 
As shown for the HHPS-G, a warming of the 19,000 ft2 slab surface from 20°F to 32°F 
requires a 2405 MJ/snow period. Based on the snow periods evaluated in this study, energy 
consumption for idling are 2405 MJ/h, 601 MJ/h, 301 MJ/h, and 200 MJ/h. Because of insulation 
installation in the HHPS, zero back and edge losses were assumed to apply in the snow melting 
heat calculation. Different snow rate conditions for 0.5 in/h, 0.75 in/h, 1 in/h, 1.5 in/h, and 2 in/h 
were calculated by using Equations (1) through (6), and energy requirements for snow melting 
under different snow rates were 134 Btu/h∙ft2, 153 Btu/h∙ft2, 173 Btu/h∙ft2, 211 Btu/h∙ft2, and 251 
Btu/h∙ft2. Energy required for melting snow is presented in Table 13 below. 
Table 13. Energy consumptions of natural gas furnace for different snow rates 
Snow Rate 
(in/h) 
Snow Melting 
Energy 
Requirement 
(Btu/h) 
Snow Melting Energy 
Requirement  through 
Heat Exchanger 
(Btu/h) 
Natural Gas Furnace 
Energy Consumption for 
Snow Melting (MBtu/h) 
2 4,769 6,813 7,570 
1.5 3,958 5,654 6,282 
1 3,284 4,692 5,213 
0.75 2,851 4,073 4,526 
0.5 2,542 3,631 4,035 
Note. Equation (2) - (6) are used for energy consumption of natural gas furnace 
As Table 13 shows, shows, energy demand in natural gas furnace will be higher than the 
energy required for snow melting, because of the heat loss from gas furnace itself and heat 
exchanger.  
The total flow rate of the HHPS system is calculated using Equation (8) as 490 gpm, and a 
125 ft pressure drop is determined based on the Viega manual script. A 60% efficient horsepower 
circulating pump is selected. Therefore, the energy demand of one circulating pump is calculated 
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as 26 hp using Equation (9). Because circulating pumps are required in both water and pavement 
heating systems, total energy consumption for both circulating pumps is 52 hp. 
Because of the system boundary and model similarities between the HHPS-G and the 
HHPS-NG, energy consumption of insulation production, antifreeze production, and antifreeze 
wastewater treatment will be the same as shown for the HHPS-G above. In conclusion, the total 
energy consumption for HHPS-NG operation is given in Table 14.  
Table 14. Energy consumptions of HHPS-NG operation life cycle for different snow periods 
and rates 
Snow 
period 
(h) 
Snow 
Rate 
(in/h) 
Energy Consumption of HHPS 
with Natural Gas Furnace (MJ/h) 
Total Energy Consumption of 
HHPS with Natural Gas Furnace 
(MJ) 
1 
2.0 10,542 10,542 
1.5 9,274 9,274 
1.0 8,055 8,055 
0.75 7,421 7,421 
0.5 6,812 6,812 
4 
2.0 8,738 34,953 
1.5 7,470 29,880 
1.0 6,251 25,006 
0.75 5,617 22,469 
0.5 5,008 20,032 
8 
2.0 8,438 67,501 
1.5 7,169 57,355 
1.0 5,951 47,606 
0.75 5,317 42,533 
0.5 4,707 37,659 
12 
2.0 8,337 100,049 
1.5 7,069 84,830 
1.0 5,851 70,206 
0.75 5,216 62,597 
0.5 4,607 55,285 
Note. Equation (1) - (6), (8), and (9) are used for energy consumption calculation 
Because system energy requirement is determined by snow rate, energy consumption of 
HHPS operation increases during the increasing of snow fall. Comparing Table 13 with Table 14 
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shows that most of the energy for system operation is used when a natural gas furnace is the 
heating source. 
 
HHPS-NG operation GHG emissions 
GHG emission factors are shown in Table 11. HHPS uses a natural gas furnace to heat up 
water and an electric circulating pump circulates heated water and propylene glycol antifreeze 
solution in two subsystems. Because natural gas is combusted as a heating source, there is direct 
GHG released from the natural gas furnace. As in the HHPS-G, GHG emissions from the electric 
circulating pump are from the energy production stage. The total GHG emissions from natural gas 
combustion and electrical power production used for the circulating pump operation are shown in 
Table 15 below. 
 
Table 15. Total GHG emissions from natural gas furnace operation and power generation 
(circulating pump) 
Snow period (h) Electricity Power Source Snow Rate (in/h) GHG Emissions (kgCO2eq/h) 
1 
Coal Power Plant 2.0 482 
Natural Gas Power Plant 2.0 442 
Distillate Oil Power Plant 2.0 469 
 
As the GHG emissions analysis done for HHPS-G operation shows, GHG emissions are 
highly related to the energy sources which have different emission factors. In Table 15, it can be 
seen that total GHG emissions from natural gas combustion and electrical power production used 
for the circulating pump operations varied only slightly when circulating pumps use electrical 
power generated from different fossil fuels.  
Depending on the system boundary and model described, GHG emissions from insulation 
layer production, propylene glycol production and antifreeze wastewater treatment will as for 
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HHPS-G. The total GHG emissions from HHPS-NG operation after applying the GHG emission 
factors and percentages of the different types of power plants in the US is shown in Table 16 below. 
Table 16. GHG emissions from HHPS-NG operation life cycle for different snow periods 
and rates 
Snow period 
(h) 
Snow Rate 
(in/h) GHG Emissions (kgCO2eq/h) 
Total GHG Emissions 
(kgCO2eq) 
1 
2.0 931 931 
1.5 866 866 
1.0 804 804 
0.75 772 772 
0.5 741 741 
4 
2.0 560 2,240 
1.5 495 1,980 
1.0 433 1,732 
0.75 401 1,604 
0.5 370 1,480 
8 
2.0 498 3,984 
1.5 434 3,472 
1.0 372 2,976 
0.75 339 2,712 
0.5 308 2,464 
12 
2.0 478 5,736 
1.5 413 4,956 
1.0 351 4,212 
0.75 319 3,828 
0.5 288 3,456 
 
Because GHG emissions are significantly related to energy consumption, HHPS-NG 
operation GHG emissions are depended on snow rate conditions and snow period as well.  
 
Case 3: Operation of Electrically Heated Pavement System 
EHPS operation system boundary 
An electrically-heated pavement system utilizes electric mats or cables to transform 
electricity into radiant heat for pavement heating. EHPS operation life cycle can be divided into 3 
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sub-life cycles, a power-generation life cycle, a snow-removal operation life cycle, and a material-
production life cycle (carbon fiber and insulation layer production life cycle). The EHPS operation 
system boundary is similar to the other heated pavement system boundaries, the only difference 
for the EHPS boundary is that it does not include the wastewater treatment stage. An EHPS 
operation flow chart and system boundary are shown in Figure 15 below.  
 
(a) 
 
  
100 
 
 
(b) 
 
Figure 15. (a) EHPS operation flow chart; (b) System boundary of EHPS operation 
EHPS operation model 
A 4-ft-long, 3-ft-wide, and 4 inch thick electronically heated pavement slab was tested in 
part of on-going study (Ceylan 2015) in Iowa State University (ISU) to evaluate its energy 
efficiency. The electrical input was 950W, and edge and bottom insulation layers were installed to 
prevent heat lost through those surfaces. 0.8% carbon fiber was mixed in the concrete to increase 
its conductivity (Ceylan 2015). The result was that it took 20 min to warm the 12 ft2 slab from 
20°F to 32°F, so energy consumption for conductive concrete pavement idling was 0.07 MJ/ft2. 
For 146 ft long, 130 ft wide, and 4 in thickness of the apron pavement analyzed in this 
study, total apron pavement concrete volume is 7813 ft3. So, 62.5 ft3 of the total volume of active 
carbon for EHPS are calculated by using 0.8% of carbon fiber by volume of 1 ft3 of concrete. 
Carbon fiber has a density of 1.55 g/cm3 (Clearwater Composites, LLC 2015), ), and the total mass 
of carbon fiber required for a 19,000 ft2 apron is about 2,736 kg. Concrete lifetime is about 20 
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years, so the lifetime of carbon fiber is assumed to also be 20 years. Allocating carbon fiber usage 
on an hourly basis, 16 g/h of carbon is required. Based on a previous study, carbon fiber production 
life cycle has an energy consumption factor of 704 MJ/kg and 31 kgCO2eq/kg of GHG emission 
factor (Das 2011).  
Because EHPS utilizes electricity as the only energy input for heating, and the insulation 
layer is installed in the system to prevent heat loss, all electrical power is assumed to transform 
into radiant heat for snow melting. 
 
 
EHPS operation energy consumptions 
As in the other heated-pavement systems, energy required for snow melting is calculated 
by Equations (1) through (5) and adding an 1803 MJ/snow period to determine the power input for 
system operation. Since electricity only is used for heating in EHPS operation, the energy 
consumption of the electrical heating cable under different snow rate conditions is shown in Table 
17 below. 
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Table 17. Electrical heating energy consumptions for different snow periods and rates 
Snow period (h) Snow Rate (in/h) Energy Requirement of Electrical Heating 
(MJ/h) 
1 
2.0 6,833 
1.5 6,034 
1.0 5,266 
0.75 4,866 
0.5 4,482 
4 
2.0 5,481 
1.5 4,682 
1.0 3,914 
0.75 3,515 
0.5 3,131 
8 
2.0 5,255 
1.5 4,456 
1.0 3,688 
0.75 3,288 
0.5 2,905 
12 
2.0 5,180 
1.5 4,381 
1.0 3,614 
0.75 3,214 
0.5 2,830 
Note. Equation (1) - (6) are used for energy consumption of electrically heating 
 
Like the other two heated pavement systems, EHPS energy consumption is significantly 
relied upon under different snow rate conditions. A higher snow rate requires more energy 
consumption for snow melting.  
As described by the system model, carbon fiber usage converted to an hourly basis is about 
16 g/h and carbon fiber production is assumed to have a 704 MJ/kg of energy requirement rate 
based on a previous study, so energy consumption of carbon fiber production for EHPS is 11 MJ/h.  
The insulation layer design for EHPS will be the same as for HHPS-G and HHPS-NG, so 
the energy demand will also be the same. In summary, the total EHPS operation energy 
consumptions for different snow rates are shown in Table 18. 
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Table 18. Energy consumptions of EHPS operation life cycle for different snow periods and 
rates 
Snow 
period 
(h) 
Snow 
Rate 
(in/h) 
Energy Requirement of 
Electrical Heating 
(MJ/h) 
Total Energy 
Requirement of 
Electrical Heating 
(MJ) 
1 
2.0 6,847 6,847 
1.5 6,048 6,048 
1.0 5,280 5,280 
0.75 4,880 4,880 
0.5 4,496 4,496 
4 
2.0 5,493 21,972 
1.5 4,694 18,776 
1.0 3,926 15,704 
0.75 3,527 14,108 
0.5 3,143 12,572 
8 
2.0 5,267 42,136 
1.5 4,468 35,744 
1.0 3,700 29,600 
0.75 3,301 26,408 
0.5 2,917 23,336 
12 
2.0 5,192 62,304 
1.5 4,393 52,716 
1.0 3,625 43,500 
0.75 3,226 38,712 
0.5 2,842 34,104 
 
Note. Equation (1) - (6) are used for energy consumption calculation 
  
Table 18 and Table 17 show that most of the energy consumed in an EHPS operation life 
cycle is used for heating, the same as for the other two heated-pavement system analyzed. 
 
EHPS operation GHG emissions 
For electrical heating, GHG is released during the power generation stage. By applying the 
GHG emission factors from different types of power plants and percentages for each power 
application in the US, GHG emissions from electrical power production used for electrical heating 
have been determined and are shown in Table 19 below. 
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Table 19. GHG emissions from power generation (electrical heating) for different snow 
periods and rates 
Snow period (h) Snow Rate (in/h) GHG Emissions (kgCO2eq/h) 
1 
2.0 1,409 
1.5 1,244 
1.0 1,086 
0.75 1,004 
0.5 924 
4 
2.0 1,131 
1.5 966 
1.0 808 
0.75 725 
0.5 646 
8 
2.0 1,084 
1.5 920 
1.0 761 
0.75 679 
0.5 600 
12 
2.0 1,069 
1.5 904 
1.0 746 
0.75 663 
0.5 584 
 
16 g/h carbon fiber usage for EHPS operation is calculated and a 31 kgCO2eq/kg GHG 
emission factor is taken from a previous study. GHG emissions from insulation layer production 
will be the same as for HHPS-G and HHPS-NG, so GHG emissions from carbon fiber production 
and insulation layer production are 0.48-kgCO2eq/h and 0.043 kgCO2eq. Total GHG emissions 
from EHPS operation is shown in Table 20. 
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Table 20. GHG emissions from EHPS operation life cycle for different snow periods and 
rates 
Snow period 
(h) 
Snow Rate 
(in/h) 
GHG Emissions 
(kgCO2eq/h) 
Total GHG Emissions 
(kgCO2eq) 
1 
2.0 1,410 1,410 
1.5 1,245 1,245 
1.0 1,087 1,087 
0.75 1,005 1,005 
0.5 925 925 
4 
2.0 1,132 4,528 
1.5 967 3,868 
1.0 809 3,236 
0.75 726 2,904 
0.5 647 2,588 
8 
2.0 1,085 8,680 
1.5 921 7,368 
1.0 762 6,096 
0.75 680 5,440 
0.5 601 4,808 
12 
2.0 1,070 12,840 
1.5 905 10,860 
1.0 747 8,964 
0.75 664 7,968 
0.5 585 7,020 
 
Compared with the results in Table 19, most of the GHG emissions are related to the 
heating stage from the EHPS operation life cycle. 
 
Case 4: Operation of Traditional Snow Removal System 
TSRS operation system boundary 
Traditional snow removal systems use mechanical equipment like snow plows or snow 
blooms to remove snow first and then apply de-icing chemicals on the pavement to prevent snow 
formation. The chemically polluted water is subsequently treated in municipal wastewater 
treatment plant. Therefore, life cycles of de-icing chemical production, power generation, snow 
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removal operations and wastewater treatment should be included. Figure 16 shows the TSRS flow 
chart and system boundary that differs from that of heated pavement systems. 
 
(a) 
 
(b) 
 
Figure 16. (a) TSRS operation flow chart; (b) System boundary of TSRS operation 
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TSRS operation model 
Potassium acetate, sodium acetate, and propylene glycol are the chemicals commonly used 
in airport pavement de-icing (EPA 2012). A 50% by weight potassium acetate solution, a 60% by 
weight propylene glycol solution, and a sodium acetate solid de-icer are assessed in this study. 
These three chemicals are applied at levels of 75 g/m2 (SnowMelt 2015), 65 g/m2 (FAA 1992), 
and 50 g/m2 (Cryotech NAAC® 2008), respectively. Because the amount of chemical for a de-
icing application is based on air temperature, and the air temperature is constant under different 
snow rate conditions, de-icer usage is the same for all snow rates. Among these three chemicals, 
67% of airports in U.S. use potassium acetate, 11% use propylene glycol and 22% use sodium 
acetate. De-icing chemicals are sprayed on the pavement once per hour.  
A multifunctional vehicle 1104D-E44TA, with a diesel engine requiring 97 kW and a 
transmission power demand of 68 kW (RPM Tech 2015), is used for spraying the de-icing 
chemical on the 19,000 ft2 apron pavement to prevent ice adhesion. One hour after the application 
of the chemical, the multifunctional vehicle is converted into a snowplow to remove snow from 
the apron area. Considering that the apron area is relatively small, the total operating time of the 
vehicle, including chemical spraying and snow plowing, is assumed to be 10 minutes.  
Because a de-icing chemical is used in the TSRS, a wastewater treatment process is 
required. In general, most of the airport pavement runoff is treated in municipal wastewater 
treatment plant using an aerobic treatment. 
 
TSRS operation energy consumptions 
The strategy for TSRS is to spray de-icing chemicals every hour to prevent ice or snow 
adhering to pavement and then to use a snowplow to move snow away from apron area. The power 
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demand for the mechanical equipment assessed is 165 kW. By multiplying the operation time of 
10 minutes with equipment engine power, total combined energy consumption of diesel raw 
material production and diesel oil combustion for the snow removal operation is 99 MJ/h.  
Three kinds of deicing chemicals, potassium acetate, propylene glycol, and sodium acetate, 
were analyzed. Software such as GREET and on-line software Economy Input-Output Life Cycle 
Assessment (EIO-LCA) were used to calculate the energy consumption of de-icer production. The 
results show that to produce 1 kg of potassium acetate requires 18 kWh of energy; 28 kWh is 
required to manufacture 1 kg of propylene glycol, and 1 kg of sodium acetate requires 12 kWh. 
The chemical usage values for the 19,000 ft2 apron area are 139 kg/h, 193 kg/h, and 88 kg/h. 
Therefore, to produce certain amounts of chemicals, the energy consumptions are 8,374 MJ/h, 
7,258 MJ/h, and 5,584 MJ/h, respectively. According to a United States Environmental Protection 
Agency report (EPA 2012), 67% of airports in the U.S. use potassium acetate, 11% use propylene 
glycol, and 22% use sodium acetate. 
Based on a previous study, the chemical oxygen demand (COD) of the different chemicals 
are 1,050 g/kg for potassium acetate, 1,680 g/kg for propylene glycol, and 1,010 g/kg for sodium 
acetate (University of South Carolina 2008). Thus, the total COD of de-icing wastewater is 139 kg 
for potassium acetate, 193 kg for propylene glycol, and 89 kg for sodium acetate. Usually apron 
wastewater is discharged to a municipal wastewater treatment plant that generally applies aerobic 
biological treatment, and 1 kWh of electricity demand per kg COD is assumed for such aerobic 
treatment (Geest and Kiechle 2010).  The energy required for a wastewater plant to treat different 
kinds of de-icing wastewater would thus be 500 MJ/h, 695 MJ/h, and 320 MJ/h in namely.  
Because the operational strategy of TSRS is to use mechanical equipment to clear 
accumulated snow before applying chemical de-icer, operational time of mechanical equipment 
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and de-icer usage for 19,000 ft2 apron area are not affected by snow rate, as shown for the model 
in this study . Energy consumption of TSRS operation therefore does not change with increasing 
snow rate. By applying the percentage of de-icer usage in the energy calculation, the total energy 
consumption of TSRS operation for a 19,000 ft2 apron is found to be 8,359 MJ/h, and the results 
for different snow periods are shown in Table 21. 
Table 21. Energy consumptions of TSRS operation life cycle for different snow periods 
Snow Period (h) Total Energy Consumptions (MJ) 
1 8,361 
4 33,443 
8 66,886 
12 100,329 
 
TSRS operation GHG emissions 
Chemicals and mechanical force are two TSRS approaches for removing snow. GHG 
emissions from TSRS operation include GHG from electricity and diesel oil generation, 
combustion of vehicle oil, and de-icing chemical production. The multifunctional vehicle that uses 
diesel oil for the de-icing operation has a GHG emission of 13 kgCO2eq/h.  
GREET and EIO-LCA software was used for the life cycle analysis of the de-icing 
chemical production.  The GHG emission factor was 3.82 kgCO2eq/kg for potassium acetate, 6.46 
kgCO2eq/kg for propylene glycol, and 2.73 kgCO2eq/kg chemical for sodium acetate. Calculating 
the usage of the chemicals for a 19,000 ft2 apron, the GHG released from potassium is 506 
kgCO2eq/h from acetate production, 742 kgCO2eq/h from propylene glycol production, and 241 
kgCO2eq/h from sodium acetate manufacturing.  
The wastewater treatment stage in TSRS is the same as for GHPS and HHPS. Since such 
treatment requires electrical power, there is no direct GHG released from the wastewater plant 
itself, so the GHG emission is actually from the power generation phase. Calculations show that 
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treating a given amount of will release 129 kgCO2eq/h for potassium acetate waste water treatment, 
104 kgCO2eq/h for propylene glycol wastewater treatment, and 56 kgCO2eq/h sodium for acetate 
wastewater treatment.  
By multiplying the percentages of different chemical usages, the average GHG emission 
from TSRS airport apron snow removal under different snow rate conditions is found to be 585 
kgCO2eq/h. GHG emissions for different snow periods, as shown in Table 22 below. 
 
Table 22. GHG emissions from TSRS operation life cycle for different snow periods 
Snow Period (h) Total GHG Emissions (kgCO2eq) 
1 585 
4 2,341 
8 4,682 
12 7,023 
 
Comparisons of Cases 
Four case studies of operations of traditional snow removal systems and three alternative 
heated pavement systems have been analyzed to evaluate the sustainability of such systems. As 
the analyses for different snow removal system operations demonstrate, energy consumption 
conditions and environmental impact are influenced by several different factors such as snow rates, 
snow period, and system efficiency, and these factors vary among the four types of system 
operations. Energy consumption and GHG emissions have also been compared to estimate which 
system for removing snow is most sustainable.     
 
Energy consumptions comparison 
The equations and models of system operations used in this study show that snow rate and 
snow period have significant effects on energy consumption. To compare four different system 
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operations, energy consumptions for different snow periods, 1 h, 4 h, 8 h, and 12 h, and snow rates 
of 0.5 in/h, 1 in/h, and 2 in/h conditions are summarized in Figure 17 (a) (b) (c) below.  
 
(a) 
 
 
(b) 
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(c) 
 
Figure 17. (a) Energy consumptions of snow removal system operations against different 
snow period under 0.5 in/h snow rate; (b) Energy consumptions of snow removal system 
operations against different snow period under 1 in/h snow rate; (c) Energy consumptions 
of snow removal system operations against different snow period under 2 in/h snow rate 
As snow period becomes longer, energy consumption of all snow and ice removal system 
operations increase.  Among snow and ice removal systems, TSRS will require more energy for 
snow and ice removal operation than heated pavement system operations when snow period 
become longer. As snow rate increases, energy consumption of heated pavement system operations 
increases but one of TSRS does not. Considering that energy consumption of heated pavement 
system operations will increase when snowfall rate increases, energy consumption of a HHPS-NG 
operation might be more than for TSRS when the snow rate exceeds 2 in/h (See Figure 17 (c)) but 
energy consumption of the other heated pavement system operations will be less under various 
snow rates.  
Although heated pavement systems are obviously expected to require energy to heat the 
pavement surface to remove snow, it is surprising to find that more energy is consumed in TSRS 
operation life cycle as Figure 17 (a) and (b) demonstrates. Also, among the 3 kinds of different 
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heated pavement system operations, the HHPS-NG operation has a higher energy consumption 
compared to energy consumption of HHPS-G and EHPS operations. To understand the inventories 
causing such differences, the energy consumption contributions of different inventories in different 
systems have been analyzed and are summarized in Table 23. 
 
Table 23. Operation energy contributions of different inventories in different snow removal 
systems 
Energy Consumption (%) 
HHPS-G 
(COP max)1 
HHPS-G 
(COP min)2 HHPS-NG3 EHPS4 TSRS5 
Geothermal heat pump + 
circulating pump 99.04 99.45 - - - 
Natural gas furnace + 
circulating pump - - 99.82 - - 
Electrically heating  - - - 99.68 - 
Deicer production + 
wastewater treatment - - - - 98.80 
Other 0.96 0.55 0.18 0.32 1.20 
1-3Other includes insulation layer production stage, antifreeze production stage, and antifreeze waste treatment stage. 
4Other includes insulation layer production and carbon fiber production stage. 
5Other includes diesel oil for mechanical equipment operation. 
Most of the energy used in a TSRS operation is related to de-icing chemical production. A 
huge amount of de-icing chemicals are required for a 19,000 ft2 apron area, and the energy demand 
for de-icer manufacture is relatively high. This results in a higher energy consumption for the 
TSRS operation life cycle than for the heated pavement systems that do not require de-icing 
materials. Therefore, if an airport company is conducting an “Airport Sustainability Planning” 
program and wishes to reduce their energy consumption during snow removal, using less de-icer 
is an effective way to reduce much of the energy demand.  
More than 99% of the total energy consumed in heated pavement system operation is used 
for heating, as shown in Table 23. Due to differences in system models and equipment used for 
heated pavement systems, energy consumption may vary. Taking HHPS-NG as an example, the 
system utilizes a 90% efficient natural gas furnace, a 60% efficient circulating pump, and a 70% 
114 
 
 
efficient heat exchanger. Compared to the other two system models, the HHPS-NG exhibits more 
heat loss during the heating process, so the HHPS-NG operation requires the most energy 
consumption among the three different kinds of heated pavement systems.   
HHPS-G efficiency is highly dependent on the coefficient of performance related to the 
geothermal condition of the area. Since analysis for HHPS-G operation assumes that geothermal 
energy is sufficient for heating support, HHPS-G with a low COP still has the least energy demand 
among the three types of heated pavement systems.  
 
GHG emissions comparison 
Based on the system boundaries, models, and assumptions made in this study, GHG 
emissions are determined by the energy consumption of snow and ice removal system operation 
and compared under various snow period and rate conditions in Figure 18.  
 
(a) 
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(b) 
 
 
(c) 
 
Figure 18. (a) GHG emissions from snow removal system operations against different snow 
period under 0.5 in/h snow rate; (b) GHG emissions from snow removal system operations 
against different snow period under 1 in/h snow rate; (c) GHG emissions from snow 
removal system operations against different snow period under 2 in/h snow rate 
 
GHG emissions are dictated by energy consumption as shown by the models in this study, 
so GHG emissions from system operations increase by the increase of snow periods. The increase 
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of snow rates results in more GHG emissions from the heated pavement system operations 
requiring more energy but has little effect on TSRS operation. Considering GHG emissions 
changes under different snow period and rate conditions, three types of heated pavement system 
operations will has less GHG emissions than TSRS applied in apron snow and ice removal under 
0.5 in/h snow rate conditions when the snow period is greater than 9 hours.  
GHG emissions also depend on type of energy source, because different energy sources 
have different emission factors, and a system operation consuming more energy does not 
necessarily release more GHG than others. For example, HHPS-NG requires about 1.6 times more 
energy for snow removal operation than EHPS; however, HHPS-NG releases only half the GHG. 
Also, although HHPS-G requires much less energy than the other snow removal systems, HHPS-
G with a COP of 2 can possibly to release more GHG than the amount of GHG released from 
HHPS-NG, because natural gas combustion has a much lower GHG emission factor than electrical 
power generation, as Table 4 shows. Although it would not increase system efficiency, switching 
the energy source to natural gas could dramatically reduce GHG emissions. 
To identify the inventory releasing the most GHG in each system operation, GHG emission 
contributions from different life cycle inventories of snow removal systems were analyzed and the 
results are summarized in Table 24. 
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Table 24. Operation GHG emissions of different inventories in different snow removal 
systems 
GHG Emission (%) 
HHPS-G 
(COP max)1 
HHPS-G 
(COP min)2 HHPS-NG3 EHPS4 TSRS5 
Geothermal heat pump + 
circulating pump 99.67 99.81 - - - 
Natural gas furnace + 
circulating pump - - 99.77 - - 
Electrically heating  - - - 99.93 - 
Deicer production + wastewater 
treatment - - - - 97.78 
Other 0.33 0.19 0.23 0.07 2.22 
1-3Other includes insulation layer production stage, antifreeze production stage, and antifreeze waste treatment 
stage. 
4Other includes insulation layer production and carbon fiber production stage. 
5Other includes diesel oil for mechanical equipment operation. 
Table 24 shows that most of the GHG emissions result from heating energy production in 
heated pavement systems and de-icer production in TSRS. Since GHG emissions are significantly 
positively correlated to energy consumption, the more energy used, the more GHG will be 
released, as shown in Table 23 and Table 24.  Using a similar strategy to reduce energy 
consumption of snow removal operation, using less de-icer can be a significant way to significantly 
reduce GHG emissions in TSRS, and using a heated pavement system instead of de-icing chemical 
application has potential for reducing GHG emissions. Also, for longer snow periods, less GHG 
per hour are released from heated pavement system operations as shown in Figure 18 (a) shows.  
In conclusion, analysis of energy consumption and GHG emissions from different snow 
removal system operations show that, under a 5 in/h snow rate and more than 6 hour snowfall 
conditions, operations of heated pavement systems produce less energy consumption and GHG 
emissions than a TSRS operation. 
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Conclusions and Recommendations 
Ineffective snow and ice removal activities can result in airline delays, employee injuries, 
and potential environmental risks from overuse of de-icers or anti-icers (FAA 2010). As an 
industry with facilities that must pay attention to environmental impact and sustainability of its 
products or systems under conditions of increased environmental awareness, airports must seek 
more sustainable systems able to replace conventional snow removal system (FAA 2010). This 
study was carried out with the specific goal of applying a hybrid LCA approach for evaluating 
energy consumption and GHG emissions from the operations of HHPS-G, HHPS-NG, and HHPS-
E., The findings and future recommendations of the study are summarized below. 
Findings  
• Heated pavement system apron application is a viable option from an energy or 
environmental perspective for automatically achieving pavement surfaces free of ice/snow 
without using mechanical or chemical methods. 
• De-icing chemical production requires a high energy demand and produces GHG emissions 
over a TSRS operation life cycle. Using heated pavement systems instead of de-icers thus 
enables effective snow removal with reduced energy consumption and GHG emissions. 
• Energy demand and GHG emissions from operation of heated pavement systems are 
significantly determined by snowfall rate and snow period.   
• Compared to TSRS, heated pavement system operations have a greater advantage during a 
snow event with a small snow rate and a long snow period.   
• Energy production (i.e., electrical power generation) and energy consumption phases (i.e., 
natural gas combustion) for heating require the most energy and contribute the most GHG 
emissions in a heated pavement system operation life cycle. 
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• HHPS-G using geothermal heat pumps with a COP higher than 2.5 results in less energy 
consumption and fewer GHG emissions than other types of snow removal systems under 
the same snow rate conditions. From an environmental impact perspective, hydronic heated 
pavement system using natural gas furnace, with high heating efficiency and a relatively 
low emission factor, has the potential to be used as a sustainable snow removal system for 
places where do not have a good geothermal condition. 
Although this study only focused on the operation phase of both heated pavement systems 
and traditional snow removal systems, it provides a decision maker or airport manager a more 
informed view of operating heated pavement systems in removing snow in terms of energy saving 
and global warming potential aspects. However, it should be stressed that the theoretical models 
in this study used to calculate energy consumption and GHG emissions from different types of 
apron snow removal systems are still under development, so the study’s results should be regarded 
as only a qualitative view, and more comprehensive assessments that include broader system 
boundaries are required for future study.    
Recommendations    
• Based on the assumptions for system boundaries defined in this study, most of the energy 
is used for heating and causes high GHG emissions. Thus, heating source efficiency and 
coefficient of performance are critical in heated pavement systems if they are to be more 
energy-efficient and environmentally-friendly.   
• Future studies may focus on different weather conditions, different de-icing chemical usage 
strategies, and other potential factors that might influence energy consumption and GHG 
emissions from different types of snow removal systems. 
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• The entire life cycle of a heated pavement system, including construction and maintenance 
stages and a more comprehensive life cycle of traditional snow removal systems, could be 
assessed to provide more informed information. 
• Previous studies have suggested that the use of de-icer chemicals on airport pavement 
surfaces tends to cause and/or accelerate distress and lead to more frequent repairs (Shi, et 
al.). Studying the full life cycles of snow removal systems may reveal an increase in the 
energy spent during the pavement maintenance phase, so it will be interesting to study the 
life cycles of both snow removal systems from this perspective. 
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CHAPTER 6-CONCLUSIONS AND RECOMMENDATIONS 
Conclusions   
Few studies have been done on evaluating the environmental impacts of airport snow 
removal system life cycles, especially the global warming potentials. Therefore, it is significant to 
develop a life cycle assessment model in order to help airports decide a more sustainable snow 
removal strategy. A set of three different studies was conducted to develop sustainability 
assessment framework for evaluating airfield heated pavements by using life-cycle assessment 
(LCA). The specific objectives and the conclusions drawn from key findings of each study are 
summarized in following subsections.  
 
Assessment of greenhouse gas emissions from geothermal heated airport pavement system 
The objective of this study presented in Chapter 3 is to evaluate the viability of geothermal 
heated pavement systems (or called hydronic heated pavement system using geothermal heat 
pump) as alternative substitute for traditional snow removal strategy to maintain airport runway 
snow free condition from a sustainable perspective. Based on the findings of this study, the 
following conclusions can be drawn: 
• Geothermal heated pavement systems (GHPS or HHPS-G) have slightly lower GHG 
emissions than traditional snow removal systems (TSRS) applied for airport runway snow 
removal.  
• According to the limitedly available information of airport snow removal life cycle 
assessment, this study shows operation phase contributes most differences between the life 
cycles of GHPS and TSRS, instead of construction phase. 
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• GHPS show more benefits to be used for removing snow from airport gate areas (or 
aprons). It not only has less environmental impacts, but also overcomes a number of 
problems associated with removing snow from gate areas using mechanical equipment, 
environmental pollution caused by use of chemicals, and safety issues involving snow-
clearing ground crews on cold winter days. 
 
Airport apron heated pavement system operation analysis: energy requirement, 
greenhouse gas emissions, and operating cost analysis 
Based on the previous study shown in Chapter 3, Chapter 4 focus on analyzing the 
operation phases of hydronic pavement systems applied for apron snow removal. The objective of 
this study is to approach a more advanced life cycle assessment for hydronic heated apron 
pavement system operations. Energy consumptions, GHG emissions, and operation costs of 3 
different types of hydronic heated pavement system, which use geothermal heat pump (HHPS-G), 
electric water heater (HHPS-E), or natural gas boiler (HHPS-NG), are analyzed and compared in 
order to achieve the goal of this study. Based on the findings of this study, the following 
conclusions can be drawn: 
• Operation of HHPS-G with a low COP as 2.4 still considers more sustainable (less energy 
consumption, fewer GHG emissions, and lower operation costs) than other two types of 
hydronic heated pavement systems under weather conditions.  
• From an environmental impact perspective, using natural gas for water heating, with a 
relatively low emission factor, has the potential to substitute for electricity as a more 
environmentally friendly energy source for hydronic heated pavement system operation. 
• If efficiency of natural gas boiler energy extraction was improved, using natural gas as the 
energy source for heating would be able to reduce energy requirement, GHG emissions 
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and save more costs. Therefore HHPS-NG can be a better alternative for place where there 
is not enough geothermal energy.  
 
Life cycle assessment of heated apron pavement system operation 
The objective of this study presented in Chapter 4 is to develop a more comprehensive life 
cycle assessment (LCA) for evaluating energy consumptions and GHG emissions from different 
kinds of apron snow removal system operations. In order to help airport make a more informed 
decision in selecting more sustainable snow removal strategy for apron areas. Operations of 
hydronic heated pavement system using geothermal heat pump (HHPS-G), hydronic heated 
pavement using natural gas furnace (HHPS-NG), electrically heated pavement system, and 
traditional snow removal system (TSRS) are evaluated and compared by using a hybrid LCA. 
Based on the findings of this study, the following conclusions can be drawn: 
• Heated pavement system apron application is viable from an energy or environmental 
perspective for automatically clearing ice/snow without using mechanical or chemical 
approaches.  
• Energy production (i.e., electrical power generation) and energy consumption phases (i.e., 
natural gas combustion) for heating consume the most energy and contribute the most GHG 
emissions in a heated pavement system operation life cycle. 
• HHPS-G using geothermal heat pumps with a COP higher than 2.5 results in less energy 
consumption and fewer GHG emissions than other types of snow removal systems under 
the same weather conditions.  
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• Hydronic heated pavement system using natural gas furnace, with high heating efficiency 
and a relatively low emission factor, has the potential to be a sustainable snow removal 
system for places where do not have a good geothermal condition. 
 
State of the Art and Contribution to Engineering Practices  
• Theoretical and experimental results of energy demand for snow melting and pavement 
idling are utilized in the hybrid life cycle model in this research to duplicate the actual 
behavior of heated pavement system (HPS). 
• Energy consumptions, environmental impacts, and sustainability of HPS and traditional 
snow removal system (TSRS) life cycles are able to be quantified.   
• Different types of airport snow removal systems can be compared from energy-saving and 
environmental perspectives. 
• Environmental footprint of every life cycle inventories under the system boundary are 
tracked. Guidance could be given to improve sustainability of HPS by improving HPS life 
cycle phases which were identified to contribute most environmental impacts.  
• This research gave evidences to show that using deicing/anti-icing chemicals for snow 
removal is not sustainable, and HPS as potential alternatives are able to overcome this 
problem.  
• As the very first LCA of HPS for airport snow removal applications, life cycles inventories 
of HPS which are still lack of sufficient data are acknowledged and the gaps for future 
studies are provided.  
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• This research proves that facility efficiency and energy sources are two critical factors 
which determine sustainability of HPS. Therefore, heating techniques could be improved 
and renewable energies can be used for HPS operation in order to achieve more sustainable. 
• When comprehensive life cycle assessment models are developed, the more accurate 
theoretical data can be gotten to duplicate the actual environmental impacts of different 
airport snow removal strategies.  
• Airports can use these full-developed models to help themselves achieve “Airport 
Sustainability Planning” (i.e. reducing GHG emissions) by choosing the most sustainable 
snow removal strategy. 
 
Recommendations  
 Although this research is able to quantify the environmental impacts of different airfield 
snow removal systems, it needs to be stressed that the life cycle theoretical models in these studies 
used to analyze energy consumption, GHG emissions, or operation costs are still under 
development. Therefore, more comprehensive assessments which include broader system 
boundary are required for future study.  
 Not only heated pavement systems, but also airfield traditional snow removal systems have 
rarely be studied, a great amount of required data to conduct a full-fledged LCA and TEA are not 
available. For example, maintenance phase of snow removal systems has not been studied yet. 
However, it has been studied that the use of deicer chemicals on airfield surfaces tend to cause 
and/or accelerate distresses leading to more frequent repairs (Shi et al 2009). When studying the 
whole life cycles of snow removal systems, this may increase the energy spent during the pavement 
maintenance phase. Therefore, it will be interesting to study the life cycle of both snow removal 
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systems from this perspective. If more data becomes available, a detailed LCA and TEA could be 
conducted to gain further insights into the sustainability benefits and impacts associated with the 
use of heated pavement systems.  
Because heated pavement system applied for heating airport paved surfaces is a relatively 
new technology, future studies may focus on different parameters associated with the behaviors of 
snow removal systems. For example, weather conditions, different deicing chemical usage 
strategies, and other potential factors that might influence energy consumptions and GHG 
emissions from different snow removal systems. Also, a sensitive analysis can be conducted for 
heated pavement systems by analyzing the varieties of system equipment sizing and choices of 
energy sources. 
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APPENDIX. LIFE CYCLE ASSESSMENT CALCULATION EXAMPLE   
Take operation of hydronic heated pavement system using geothermal heat pump with a 3-COP 
for a1 in/h snow rate and 4 h snow period condition as an example. 
Assumptions 
Category Value 
Airport area 19,000 ft2 
Air temperature 20°F 
Wind speed 10 mph 
Snow rate 1.0 in/h 
Density of dry air  14.696 lb/ft3 
Mass transfer coefficient, concrete slab  1.7 ft/h 
melting temperature 32°F 
liquid film temperature 33°F 
Emittance of wet slab 0.9 
Life time of insulation layer, carbon fiber 20 years 
Concrete slab density 150 lb/ft3 
Concrete specific heat 0.2 Btu/lbˑ°F 
Thickness of concrete slab insulation covered 4 in 
Geothermal heat pump coefficient of performance 3  
Operation time (Snow period) 4 h 
Concentration of antifreeze  40% 
Temperature drop  30°F 
GHPS & HHPS piping style Parallel 
Pressure drop Only consider pressure drop in pipe 
Efficiency of circulating pump 60% 
Antifreeze life time One year 
 
 
Greenhouse Gas (GHG) Emission Factors  
– 0.96 kgCO2eq/kWh for coal (bituminous) fired power plant 
– 0.42 kgCO2eq/kWh for natural gas-fired power plant 
– 0.778 kgCO2eq/kWh for distillate oil (No.2) power plant  
– Electricity can be produced     
• 58% from coal fired power plant  
• 40% from natural gas-fired power plant 
• 2% from distillate oil power plant  
– 0.0019 kgCO2eq/kWh for natural gas production 
– 0.181 kgCO2eq/kWh for natural gas combustion  
– 0.27 kgCO2eq/kWh for diesel oil combustion  
– 0.19 kgCO2eq/kWh for diesel oil production 
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Energy Demand for Idling and Snow Melting Descriptions 
Energy consumption of pavement idling (20°F to 32°F): 
i
Cq
t
⋅∆Τ⋅Μ 
= × 0.00105 MJ/Btu = 601 MJ/h                                                                                                                             
• C = specific heat of concrete pavement (0.2 Btu/lb·°F) 
• ΔT = temperature difference (32°F - 20°F) 
• M = mass of concrete pavement ((150 lb/ft3 × 19,000 ft2 × 4 in × 0.083 ft/in) lb) 
• t = snow period (4h).  
 
Heat required for melting snow:  
qo = qs + qm + Ar (qe + qh) = 173 Btu/h/ft2 
• qo = heat required in melting snow,  
• qs = sensible heat transferred to the snow (Btu/h∙ft2), 
• qm = heat of fusion (Btu/h∙ft2), 
• Ar = ratio of snow-free area to total area (dimensionless),  
• qe = heat of evaporation (Btu/h∙ft2),  
• qh = heat transfer by convection and (Btu/h∙ft2). 
 
The sensible heat (qs) to bring the snow to 32°F:  
qs = s D [cp,ice (ts - ta)]+cp,water (tf - ts)]/ c1 = 3.64 Btu/h/ft2 
• s = 0.1 = rate of snowfall (inches of water equivalent per hour)  
• cp,ice = specific heat of snow (0.5 Btu/lb/°F)  
• cp,water = specific heat of water(1 Btu/lb/°F)          
• D = density of water equivalent of snow (62.4 lbs/ft3)  
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• tf = liquid film temperature, usually accepted as 33°F 
• ts = melting temperature, (32°F)  
• ta = air temperature (20°F)  
• c1 = conversion factor (12 in/ft) 
 
The heat of fusion (qm) to melt the snow:  
qm = s hf D / c1 = 74.52 Btu/h/ft2 
• hf = 143.5 = heat of fusion for water (143.3 Btu/lb)  
 
The heat of evaporation (qe): 
qe = Pdry air hm(Wf -Wa)hfg = 48.16 Btu/h/ft2 
• Pdry air = 14.696 = density of dry air (lb/ft3)  
• hm = 1.7 = mass transfer coefficient, concrete slab (ft/h)  
• Wf = 0.003947 = humidity ratio of saturated air at film surface temperature at 33°F 
(lbvapor/lbair)  
• Wa = 0.00215 = humidity ratio of ambient air at 20°F (lbvapor/lbair)  
• hfg = 1074.64 = heat of evaporation at the film temperature at 33°F (Btu/lb) 
 
The heat of fusion (q m) to melt the snow:  
qh = hc (tf -ta)+σεs(T4f -T4MR) = 46.54 Btu/h/ft2 
• hc = convection heat transfer coefficient for turbulent flow (2.85 Btu/h·ft2·°R4)  
• σ = 0.1712×10-8 = Stephan-Boltzmann constant (Btu/h·ft2·°R4)  
• εs = 0.9 = emittance of wet slab  
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• Tf = 462.67 = liquid film temperature (°R)  
• TMR = 479.67 = mean radiant temperature of surroundings (°R)  
 
Total energy for melting 1 in of 19,000 ft2 snow:  
Qt = qi + qo = 601 MJ/h + 3467 MJ/h = 4068 MJ/h (4 hour operation time) 
 
Total energy demand for operating geothermal heat pump:  
E = Qt
COP
 = 1356 MJ/h 
• Qt = total heat required for pavement idling and snow melting (4068 MJ/h)  
• COP = coefficient of performance (3). 
 
GHG emissions from power plant generating electricity for geothermal heat pump operation: 
(1356×0.96×58%+1356×0.42×40%+1356×0.778×2%)×2.778 kWh/MJ = 279 kgCO2/h 
 
Piping Design & Circulating Pump Descriptions  
(Viega Snow Melting System Installation Manual) 
- ¾ inch cross-linked polyethylene (PEX) pipe 
- Maximum circuit length: 400 ft 
- Parallel tubing spacing in concrete: 9 in 
- Tubing length multiplier: 1.5  
- Total tubing length:  19,000 ft2 × 1.5 ft/ft2 = 28,500 ft 
- Number of circuit: 71  
- Flow rate % increase multiplier: 1.085 
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- Pressure drop % increase multiplier: 1.25 
- Temperature drop: 30°F 
- Water heat capacity: 1 Btu/lb °F 
- Flow rate per circuit: 4,769,225 𝐵𝐵𝐵𝐵𝐵𝐵/ℎ
500×30°𝐹𝐹  × 1.085 = 6.9 gpm 
- Total flow rate: 71 × 6.9 gpm = 490 gpm  
 
 (Pressure drop of ¾ inch pipe) 
– Pressure drop: 0.25 ft of head per ft of tubing 
– Total pressure drop: 0.25 ft × 400 ft = 125 ft 
 
Total energy for circulating pump operation:  
WHP = Q×H×SG
3960×n  = 26 HP 
• Q = flow rate (490 gpm),  
• H = total head (125 ft),  
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• SG = specific gravity of heated solution (1 of water and 1.034 of 40% propylene glycol),  
• n = pump efficiency (60%). 
Total GHG emissions from power plant generating electricity for circulating pump operation: 
(26×0.96×58%+26×0.42×40%+26×0.778×2%)×0.75 kW/HP = 19 kgCO2/h 
 
Antifreeze Usage Descriptions 
(Viega Snow Melting System Installation Manual) 
- Antifreeze solution life time is assumed to be: 1 year 
- Antifreeze: propylene glycol (PG) 
- 40% by volume of solution content in ¾ inch pipe: 0.018 Gal/ft 
- Total volume of solution: 28,500 ft × 0.018 Gal/ft= 513 Gal 
- Volume of propylene glycol: 513 Gal × 40% = 205 Gal 
- Density of propylene glycol solution: 1.04 g/ml 
- Solution mass: 205 Gal × 0.0038 m3/Gal × 1.04 g/ml
1000
 = 808 kg 
- Energy consumption factor: 27.57 kWh/kgPG 
- GHG emission factor: 6.46 kgCO2/kgPG 
 
Total energy for PG production: 
27.57×808
365×24  ×3.6 MJ/kWh= 9MJ/h 
 
Total GHG emissions from PG production: 
6.46×808
365×24  = 0.6 kgCO2/h 
 
137 
 
 
Wastewater Treatment Descriptions 
 (Greest, J. V., Kiechle, C. 2010. “Anaerobic Wastewater Treatment Biogas Production from 
Brewery Wastewater”)  
- Deicing and antifreeze solution treatment: Municipal wastewater treatment plant 
- Energy supply source of wastewater treatment: Electricity 
- Energy requirement for aerobic system: 1 kWh/kg COD 
- Antifreeze COD: 1.68 kgCOD/kgPG 
 
Total energy for anti-freeze solution wastewater treatment: 
808×1
24×365×3.6 MJ/kWh = 0.54 MJ/h 
 
Total GHG emissions from power plant generating electricity for anti-freeze solution wastewater 
treatment: 
(0.54×0.96×58%+0.54×0.42×40%+0.54×0.778×2%)×0.2778 kWh/MJ = 0.1 kgCO2/h 
 
Insulation Layer Descriptions 
 (PIMA, Polyiso Wall Insulation Boards) 
- Insulation layer life time is assumed to be: 20 years 
- Length, width and thickness of top layer: 146 ft, 130 ft and 4 in 
- Insulation area: 19,000 ft2+2×(146 ft +130 ft)×4 in× 0.083 ft/in = 19,184 ft2 
- Energy consumption factor: 8.66 MJ/ft2 
- GHG emission factor: 0.39 kgCO2eq/ft2 
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Total energy for insulation layer production: 
19184×8.66
20×365/24  = 1 MJ/h 
 
Total GHG emissions from insulation layer production: 
19184×0.39
20×365×24 =0.043 kgCO2eq/h 
 
 
